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Detector and performance in Run 1 and Run 2

 Forward spectrometer with an acceptance 2<η<5

 Trigger: low level trigger and 2 stages of software trigger
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Particle ID performance:

- Muon ID ~ 97 % 

for 1-3 % π→μ mis-id probability

- Kaon ID ~ 95 % 

for ~ 5 % π→K mis-id probability

- Electron ID ~ 90 % 

for ~ 5 % e→h mis-id probability

Ring Imaging 

Cherenkov detectors 
Electromagnetic  

and Hadronic 

Calorimeter

Muon System:

GEM detectors in M1

Detector and performance 

in Run 1 and Run 2

Tracking system performance:

- track reconstruction efficiency: ~ 96 % 

- momentum resolution: Δp/p=0.5 % 

- impact parameter resolution: (15 +29/pT[GeV] ) μm

- decay time resolution: ~45 fs for Bs → J/ψ φ

VELO silicon strip

TT: silicon 

strip

T stations: straw 

tubes + silicon 

strip in inner part
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bb- and cc-dije t  product ion

● Measured yields are unfolded for detector effects and corrected for selection efficiencies. 

● Overall uncertainty  (~20%) dominated by heavy flavour tagging efficiency.

The cross section ratio 
(cc/bb) is also 
determined
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First differential cc cross section measurement at LHC
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Table 4: Total cross-sect ions (in mb) in pPb and Pbp data for full rapidity acceptance without

any pT (H c) requirement . The first uncertainty is stat ist ical and the second is systemat ic.

Pairs 1.5 < y(Hc) < 4 − 5 < y(Hc) < − 2.5

D 0D 0 14.72± 1.10± 2.25 24.05± 2.12± 5.19

D 0D 0 45.99± 2.09± 5.04 52.05± 2.40± 8.91

J/  D 0 0.51± 0.12± 0.05 0.82± 0.13± 0.14

Table 5: Rat ios of di↵ erent ial cross-sect ions in bins of charm hadron rapidity for charm pT (H c) >

2GeV/ c. The average over all the pairs in each rapidity interval is also presented.

Pairs − 4.7 < y(Hc) < − 3.7 − 3.7 < y(Hc) < − 2.7 1.7 < y(Hc) < 2.7 2.7 < y(Hc) < 3.7

D 0D 0/ D 0D 0 0.286 ± 0.067 ± 0.011 0.363 ± 0.040 ± 0.009 0.305 ± 0.041 ± 0.009 0.335 ± 0.060 ± 0.012

D 0D + / D 0D − 0.239 ± 0.046 ± 0.017 0.387 ± 0.047 ± 0.026 0.259 ± 0.045 ± 0.010 0.256 ± 0.037 ± 0.009

D + D + / D + D − 0.300 ± 0.090 ± 0.037 0.518 ± 0.157 ± 0.079 0.332 ± 0.070 ± 0.018 0.266 ± 0.061 ± 0.012

D 0D +
s / D 0D −

s 0.321 ± 0.260 ± 0.043 0.504 ± 0.172 ± 0.028 0.201 ± 0.096 ± 0.006 0.303 ± 0.139 ± 0.014

D + D +
s / D + D −

s 0.291 ± 0.590 ± 0.080 0.582 ± 0.340 ± 0.113 0.143 ± 0.116 ± 0.009 0.234 ± 0.113 ± 0.013

Average 0.262 ± 0.035 ± 0.019 0.384 ± 0.029 ± 0.019 0.278 ± 0.026 ± 0.010 0.274 ± 0.027 ± 0.011
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Figure 7: Rat ios of di↵ erent ial cross-sect ions in bins of charm hadron rapidity under the

pT (D ) > 2GeV/ c requirement . The average over all the pairs listed in Table 5 for each rapidity

interval is also presented. The boxes (bars) correspond to systemat ic (stat ist ical) uncertaint ies.

Points are shifted horizontally to improve visibility.
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Exotic Spectroscopy 
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Exotic spectroscopy

 Exotic states: beyond conventional mesons (qq) and baryons (qqq)

▪ Provide new insights into internal structure and dynamics of hadrons 

▪ A good platform to study non-perturbative behavior of QCD 

𝝌c1(3872)

 the first observed charmonium-like exotic hadron (Belle 2003) with most abundant 

experimental information

 Intriguing properties, e.g. mass extremely close to D0D*0 threshold

 Nature still unclear: conventional 𝛘c1(2
3P1), D

0D*0 molecular state, tetraquark, ccg hybrid, 

vector glueball, or mixed? 
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https://arxiv.org/abs/hep-ex/0309032
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 2 independent measurements assuming Breit-Wigner lineshape

 First width measurement and most precise measurement of mass              

and 𝜹E

 Proximity to D0D*0 threshold distorts the lineshape from a BW: alternative     

fit using a Flatté parametrization [PRD 76 (2007) 034007, PRD 80 (2009) 074004] 

⇒ Need physically well-motivated lineshape parametrization

 Study about its nature

▪ Consistent with D0D*0 quasi-bound state with Eb<100 keV at 90% C.L.

▪ Quasi-virtual state cannot be excluded

Need additional measurements to increase our understanding

Study of 𝛘c1(3872) 

Silvia Borghi - University of Manchester
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arXiv: 2005.13422

LHCb average

arXiv: 2005.13419

_

_

_

m(𝛘c1(3872)) = 3871.64 ± 0.06 ± 0.01 MeV/c2

𝚪(𝛘c1(3872)) = 1.19 ± 0.19 MeV/c2

𝜹E= m ( 𝛘c1(3872)) − m(D0D*0) = 0.07 ± 0.12 MeV/c2

Mean:

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.76.034007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.074004
http://arxiv.org/abs/2005.13422
http://arxiv.org/abs/2005.13419
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Observation of structure in the J/𝞇 -pair mass spectrum

 Existence of            states (Q= c or b) is expected by many QCD models

▪ No observed exotic states with more than 2 heavy quarks

 The four charm-state, 

▪ predicted to have a mass between 5.8 and 7.4 GeV/c2

▪ can decay into a pair of charmonia => search in J/ψ

pair mass spectrum

 J/ψ pair production

▪ single parton scattering process includes resonant production 

via intermediate states, e.g. 

▪ Double parton scattering process: two J/ψ produced independently

Silvia Borghi - University of Manchester 8
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Observation of structure in the J/ψ -pair mass spectrum

 A narrow peaking structure at ~6.9 GeV/c2 matching 

the lineshape of a resonance 

 A broader structure close to threshold 

 Inconsistent in the 6.2-7.4 GeV/c2 mass region with 

non-resonant SPS + DPS only hypothesis by >5 σ

 The structure at 6.9 GeV/c2 consistent with        

predicted in various tetraquark models. 

 Describing the X(6900) structure with a Breit–Wigner 

lineshape

 Other models considered and confirmed the resonance

ICHEP 2020, 03/08/2020Silvia Borghi - University of Manchester 9

arXiv:2006.16957

_ _Tcccc

More data needed to gain more insight into the observed resonance

http://arxiv.org/abs/2006.16957


Measurement of the CKM angle 𝛾
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 Sensitivity to 𝜸 from b→u and b→c interference

 Measurement CPV observables in the decays channels 

B±→D0K± and B±→D0𝜋± (with D0→K0
s𝜋

+𝜋- or D0→K0
sK

+K-)   

using the model-independent approach

Measurement of the CKM angle 𝛾

ICHEP 2020, 03/08/2020Silvia Borghi - University of Manchester 11

LHCb-CONF-2020-001

Constraints from “tree-level” observables

 Update using the full statistics: ℒ =9 fb-1

 Systematic uncertainties significantly reduced due to new 

control and updated strong-phase inputs from BESIII

[arXiv:2003.00091]

 This measurements is consistent with indirect measurements

 This is the best stand-alone measurement of 𝛾 to date

P
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a
ry

Results in terms of 𝛄 and CP 
conserving phase difference

?
=

https://arxiv.org/abs/2003.00091


Anomalies 

in Electroweak Penguin Decays 
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Anomalies in b→sℓ+ℓ- transitions
 FCNC forbidden at tree-level in the SM

 Sensitive to NP in loops: 
▪ modifying the decay rate           

▪ changes the angular distribution of final state particles

 Anomalies observed in different measurements

▪ Decay rates are consistently lower than SM  

in b→sμ+μ− decays: 
o B+→K+μ+μ−, B0→K0μ+μ− and B+→K*+μ+μ− JHEP 06 (2014) 133

o B0→𝜙μ+μ−: JHEP 09 (2015) 179

o 𝚲b→𝚲μ+μ−: JHEP 06 (2015) 115

o B0→K*0μ+μ− : JHEP 11 (2016) 047

▪ Ratio of decay rate to different lepton flavours:                    
o RK*: JHEP 1708 (2017) 055 ; 

o RK: PRL 122 (2019) 191801;         

o Rpk: JHEP 05 (2020) 040

▪ Angular observables as function of q2

o JHEP 02 (2016) 104,

o PRL125(2020) 011802

ICHEP 2020, 03/08/2020Silvia Borghi - University of Manchester 13

http://arxiv.org/abs/1403.8044
http://arxiv.org/abs/1506.08777
http://arxiv.org/abs/1503.07138
http://arxiv.org/abs/1606.04731
http://arxiv.org/abs/1705.05802
http://arxiv.org/abs/1903.09252
http://arxiv.org/abs/1912.08139
http://arxiv.org/abs/1512.04442
https://arxiv.org/abs/2003.04831
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Lepton universality

14

LHCb [JHEP 08 (2017) 055] [PRL 122 (2019) 191801]; BaBar [PRD86 (2012) 032012]

Belle  [arXiv:1904.02440]  [arXiv:1908.01848], 
JHEP 05 (2020) 040

 Measurement of the ratio of the decay rates

 Evaluation of the double ratio to suppress detector effects

 RK(B
+→K−ℓ+ℓ−) and RK*(B

0→K*ℓ+ℓ−) compatible at 2-2.5 σ with the SM

 RpK for 𝝠0
b→pK−ℓ+ℓ− is the first test of LU with b baryons

http://arxiv.org/abs/1705.05802
http://arxiv.org/abs/1903.09252
http://arxiv.org/abs/1204.3933
http://arxiv.org/abs/1904.02440
http://arxiv.org/abs/1908.01848
http://arxiv.org/abs/1912.08139


B0→K*0μ+μ− angular analysis
 Study the differential decay rate described by q2 and 3 decay 

angles to evaluate:

▪ Si are the CP-averaged observables 

▪ AFB is the forward backward asymmetry of the dimuon system

▪ FL is the fraction of longitudinal polarisation of the K*0

 Pi parameters optimized to reduce the theory uncertainties    

[JHEP 05 (2013) 137]

 Update of previous measurement [JHEP 02 (2016) 104]

 Observables consistent with SM, largest tension from S5

 P’5 has a local discrepancy in two bins

4.0 < q2 < 6.0 GeV2/c4 : Run1 + 2016: 2.5 𝛔

6.0 < q2 < 8.0 GeV2/c4: Run1 + 2016: 2.9 𝛔

➜ Local tension in P’5 still present

ICHEP 2020, 03/08/2020Silvia Borghi - University of Manchester 15

Phys. Rev. Lett. 125, 011802 (2020)

DHMV: [JHEP 12 (2014) 125], [JHEP 09 (2010) 089]

http://arxiv.org/abs/1303.5794
https://arxiv.org/abs/1512.04442
https://arxiv.org/abs/2003.04831
http://arxiv.org/abs/1407.8526
file://Users/silviaborghi/Downloads/1006.4945


B0→K*0μ+μ− angular analysis
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SM

SM

 Effective theory

Phys. Rev. Lett. 125, 011802 (2020)

2016 data set is shown for illustrative purposes: not coverage- and bias-corrected, and not including systematic uncertainties. 

flavio: arXiv:1810.08132

   LHCb-PAPER-2020-002     Update of the      angular analysis at LHCb  10/03/2020  Eluned Smith B 0 ! K ⇤0µ+ µ−

 As the Wilson Coefficients [   ] describes the loops, they are 

sensitive to New Physics                        
4

Ci

Vector

Axial-vector

Ci

                      transitions in effective theory b ! sµ+ µ−

[process also possible via 

box diagrams]

Factorise out the loops and 

replace with an effective coupling  

(Wilson coefficient)

varying only Re(C9) and Re(C10): 

2.8 𝛔 from SM
varying only Re(C9): 

3.3 𝛔 from SM

https://arxiv.org/abs/2003.04831
https://arxiv.org/abs/1810.08132


Rare decays
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   LHCb-PAPER-2020-002     Update of the      angular analysis at LHCb  10/03/2020  Eluned Smith B 0 ! K ⇤0µ+ µ−

 As the Wilson Coefficients [   ] describes the loops, they are 

sensitive to New Physics                        
4

Ci

Vector

Axial-vector

Ci

                      transitions in effective theory b ! sµ+ µ−

[process also possible via 

box diagrams]

Factorise out the loops and 

replace with an effective coupling  

(Wilson coefficient)

ICHEP 2020, 03/08/2020

B0→K*0e+e− angular analysis

Silvia Borghi - University of Manchester 18

LHCb-PAPER-2020-020 in preparation

 Photon polarisation predominately left handed in the SM

 BSM in the loop can contribute a right-handed current

 B0→K*0e+e− decay dominated by b→s𝛾 at very-low q2

 Extract photon polarization by angular analysis at very-low q2

Preliminary

flavio arXiv:1810.08132

Dominating the 

sensitivity to 

right-handed 

coupling C′7

 Update of Run 1 analysis [JHEP 04 (2015) 064]

 Results (0.0008<q2<0.257 GeV2/c4)

 Consistent at 0.3σ with SM predictions

 Statistically limited measurements 

P
re

lim
in

ar
y

Sensitivity to 𝛾 polarisation: 

https://arxiv.org/abs/1810.08132
http://arxiv.org/abs/1501.03038


Upgrade
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Upgrade for Run 3 data taking

 Run at 2⨯1033 cm-1 s-1 with ~5 visible interaction

 Expected to collect about 50 fb-1 in Run3 and Run 4 

 40 MHz readout of all sub-detectors 

 Major upgrade of the detector:

▪ New flexible fully-software trigger

o Hybrid trigger technology: GPU in the first high level 

trigger stage (HLT1) and CPU in second high level 

trigger stage (HLT2)

▪ Real-time alignment and calibration before HL2

▪ Run the full reconstruction in HLT2

▪ New tracking system

▪ Upgrade of PID subdetectors

▪ Significant progress made by all sub-detectors 

Silvia Borghi - University of Manchester 20

Real Time Analysis

Beam Beam

Crossing
HLT1

Partial reconstruction
Bu↵er

HLT2

Full reconstruction
Storage

30 MHz

40 Tbit / s

1 MHz

1-2 Tbit / s

1 MHz

1-2 Tbit / s 80 Gbit / s

9

HLT1 on GPUs

Proposal in TDR (2014)

 CERN-LHCC-2014-016

Updated st rategy

 Com put  Softw Big Sci 4, 7 (2020)

30 MHz30 MHz

Reminder: Will run at 2× 1033cm−2s−1

@30 MHz with fully software trigger

Two options for first level software

trigger (HLT1)

Monumental achievement - both

solutions viable options for Run 3!

After internal review by collaboration,

GPU option chosen as new baseline

Able to run on 500 GPUs → fulfills

physics needs and provides ability for

further compute upgrades

A. Davis LHCb Stat us Report - 142nd LHCC M eet ing - OPEN Session 15 / 27

1 MHz
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Comput. Softw. Big Sci. (2020) 4, 7

CERN-LHCC-2020-006

https://link.springer.com/article/10.1007/s41781-020-00039-7
https://cds.cern.ch/record/2717938?ln=en


Upgrade
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VELO pixels

UT: silicon 

strip

RICH:

New Readout and photon 

detectors for RICH2 

ECAL: Reduced PMT gain 

and new electronics 

Muon System:

Upgrade readout 

electronics
SciFi tracker

40 MHz readout of all sub-detectors and data processed with software triggers

TDR

CERN-LHCC-2008-007

CERN-LHCC-2011-001

CERN-LHCC-2012-007

CERN-LHCC-2013-021

CERN-LHCC-2013-022

CERN-LHCC-2014-001

CERN-LHCC-2014-016

CERN-LHCC-2018-007

CERN-LHCC-2018-014 

CERN-LHCC-2019-005

CERN-LHCC-2020-006

SMOG2 system

https://cds.cern.ch/record/001100545
https://cds.cern.ch/record/1333091?ln=en
https://cds.cern.ch/record/1443882?ln=en
https://cds.cern.ch/record/1667832?ln=en
https://cds.cern.ch/record/1667833?ln=en
https://cds.cern.ch/record/1707439?ln=en
https://cds.cern.ch/record/1701361?ln=en
https://cds.cern.ch/record/2310827?ln=en
https://cds.cern.ch/record/2319756?ln=en
https://cds.cern.ch/record/2673690?ln=en
https://cds.cern.ch/record/2717938?ln=en


Installation and commissioning impacted by Covid-19 
 Regardless, progress from all subsystems

ICHEP 2020, 03/08/2020Silvia Borghi - University of Manchester
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VELO pixels

UT: silicon 

strip

RICH:

New Readout and photon 

detectors for RICH2 

ECAL: Reduced PMT gain 

and new electronics 

Muon System:

Upgrade readout 

electronics

SciFi tracker

ICHEP2020, 28 July – 6 August 2020 

Calorimetry and Muon ID

Federico Alessio, CERN 18

ECAL + HCAL

MUON

Present Calorimeter detectors will be kept:

• ECAL (Shashlik 25 X0 Pb + scintillator)

• HCAL (TileCal Fe + scintillator)

PS/SPD removed

• PMT gain reduced by a factor 5

• Front-End electronics redeveloped

o For trigger-less readout and sending 

Non-Zero Suppressed data

HCAL

Present Muon detector will be kept:

• 4 layers (M2-M5) of Multi-Wire 

Proportional Chambers (MWPC)

first layer (M1 – used in first-

level trigger, with GEMs) 

removed

Front-End electronics 

redeveloped 

o For trigger-less readout

R&D to replace 

inner part of M2 

(closes to IP) with 

GEMs detector for 

higher-granularity

Calorimeter & Muon

Calorimeter

Ongoing testing and production of

FEB and control boards

Firmware finalized

HV & Calibration system testing

ongoing → installation over the

summer, COVID permitting

Front-end and control boards under

production and test

Muon

Configuration boards produced and

tested

Readout boards production and

transport to CERN ongoing

Install of system A-side

configuration boards

nearly complete

M2 Shielding: HCAL

beam plug installed

Installation of HCAL Beam Plug

A. Davis LHCb Status Report - 142nd LHCC M eet ing - OPEN Session 13 / 27

SciFi
Successful test installat ion of two C-Frames

First 6 frames need to be installed before beampipe

can be replaced

Continued software development and data analysis

during shutdown

Restart proceeding with pilot projects,

re-establishing services e.g. vacuum and cooling

Electronics commissioning resuming now

Substantial delays accumulat ing →Scheduling is

crit ical

Restart of frames

assembly relies heavily

on institute travel

permissions to CERN

Moving C-Frame 1 from assembly to

transport cage

Installation of final electronics cover

A. Davis LHCb Status Report - 142nd LHCC M eet ing - OPEN Session 11 / 27

UT

Flex cable production nearly

complete

Hybrid production restarted

Stave production slowly

restarted

Schedule a↵ected

Reduced personnel due to

COVID-19 measures

Upgrade: Upstream Tracker
• Mass production of staves started ⇒ soon shipments to CERN for assembly

• Installation delayed due know issues with ASIC, tight schedule

29/04/2020 RRB - LHCb G. Passaleva 24

staves construction chain:
mechanical support, cooling
pipes, flex cables

wire-bonded modules
mounted on staves

stave installation in assembly
hall at CERN

detail of the 10x10 cm2 UT sensors

Readout commissioning with

stave in CERN assembly hall

CO2 cooling system work ongoing

Turning on PEPI electronics

on UT slice test

after restart

Assembly of cooling

plates for LV regulators

A. Davis LHCb St at us Report - 142nd LHCC M eet ing - OPEN Session 10 / 27

Upgrade

Moving C-Frame 1 from assembly to 

transport cage

Installation of HCAL Beam Plug

Turning on PEPI 

electronics on UT 

slice test

VELO Modules Muon chambers

RICH A-Side



UPGRADE II

 Challenge:
▪ Improve even more LHCb precision: measurements statistical limited 

even after Run 4

▪ Fully exploit HL-LHC

 Plan to record more than 300 fb−1

▪ L=1.5 ⨯1034 cm-2s-1 and  𝜇~45

⇒ Include timing information for tracking and particle ID

 Many interesting opportunities for detector R&D for LS4, 

interested groups welcome to contact us:

▪ E.g. precision timing in vertexing, Cherenkov detectors, calorimetry 

and CMOS for tracking

 Strong support from European Strategy for Particle Physics

ICHEP 2020, 03/08/2020Silvia Borghi - University of Manchester 23

EoI [CERN-LHCC-2017-003]

Physics case [arXiv:1808.08865]

Framework TDR expected 2021

Target Luminosity 

27	

Linst.	=	4	x	10
32	cm-2s-1	

μ		≈	1	
Linst.	=	2	x	10

33	cm-2s-1	

μ		≈	5.2	
Linst.	=	1	–	2	x	10

34	cm-2s-1	

μ		≈	28	–	55		
*	μ	is	average	number	of	visible	pp	interactions	per	bunch	crossing.		

https://cds.cern.ch/record/2244311?ln=en
https://arxiv.org/abs/1808.08865


Conclusion
 New results in several areas:

▪ Exotic Spectroscopy: observed resonance at 6.9 Ge/c2 consistent with         prediction

▪ Searches for NP: anomalies persist in B0→K*0μ+μ− decays

▪ Precision measurements of CKM: most precise measurement of 𝛾

▪ and many others…

 Many results in the pipeline with the full Run 1 and Run 2 data sample

 Upgrade for Run 3 data taking

▪ Major upgrade of the detector ongoing

▪ flexible fully-software trigger

 Foreseen Upgrade II for Run 5 to fully exploit HL-LHC

ICHEP 2020, 03/08/2020Silvia Borghi - University of Manchester 24

More exciting results are to come! 

Tcccc
_ _

Discussion panel at 14h on 04/08

with Sneha Malde

Apologize, I cannot make it

https://indico.cern.ch/event/868940/sessions/359391/


Backup
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Detector and performance

 Collected Integrated luminosity in Run1 + Run2: ~9 fb-1

ICHEP 2020, 03/08/2020Silvia Borghi - University of Manchester 26



BF of b→s𝛍+𝛍-

ICHEP 2020, 03/08/2020Silvia Borghi - University of Manchester 27

[JHEP 11 (2016) 047], [JHEP 09 (2015) 179] − [JHEP 06 (2015) 

[JHEP 06 (2014) 133] [JHEP 06 (2014) 133][JHEP 06 (2014) 133]

http://arxiv.org/abs/1606.04731
http://arxiv.org/abs/1506.08777
http://arxiv.org/abs/1503.07138
http://arxiv.org/abs/1403.8044
http://arxiv.org/abs/1403.8044
http://arxiv.org/abs/1403.8044


Search for B0
(s)→e+ e-

 SM predicts BF is 10-14 and 10-15. NP prediction 

up to 10-8 and 10-10 [JHEP 05 (2017) 156, JHEP 

10 (2019) 232]

⇒ any signal would be a sign of NP. 

 New limits  with O(10) times improvements

▪B(B0
s→e+e−) < 9.4 (11.2) ×10−9 at 90 (95) % CL

▪B(B0→e+e−) < 2.5 (3.0)×10−9 at 90 (95) % CL
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√s 

(TeV)

ℒ
(fb-1)

7 1

8 2

13 2

Phys. Rev. Lett. 124 (2020) 211802

2020 

LHCb

https://arxiv.org/abs/1703.10160
https://arxiv.org/abs/1908.0711
https://doi.org/10.1103/PhysRevLett.124.211802


Lepton universality in 𝝠0
b→pK−ℓ+ℓ−

 Evaluation of the double ratio to suppress detector effects

 Run1 + 2016 data samples: ℒ =4.7 fb-1

 Compatible with previous RH

measurements and with unity

 This is the first test of lepton universality with b baryons 
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