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 UPGRADE I 2
new  

scintillating 
fibre 

tracker

new  
silicon pixel 

tracker

new  
silicon strip 

tracker

all subsystems: 
replaced  

electronics

new optics; 
new photodetectors

removed M1, PS, SPD  
detectors

Pretty much a brand new 
detector! 

- 40 MHz readout 

- Fully software trigger 

- Instantaneous luminosity  
up to 2 × 1033 cm−2s−1



VELO
➤ Installed the cooling infrastructure 

➤ 41/52 modules ready  

➤ Started mounting the first production 
modules 

➤ A tight schedule, but assembly moves well

3LHCb-TDR-013

CO2 control panel

Insertion frameProtection box

Local cooling box

Mounting



UT
➤  Detector modules: 

➤ Outer-region modules: 933 ready, i.e. 888 nominal + spares 
➤ Inner-region modules: majority ready, yet below nominal needs 

➤ Modules being mounted on staves & shipped to CERN 

➤ Only 20(+5)/68 staves at CERN now 

➤ Stave mounting infrastructure being prepared at CERN 

➤ Stave mounting expected to start in October 

➤ A very tight schedule, strong commitment to meet it

4LHCb-TDR-015

Staves in the transport box CO2 cooling manifolds to be 
mounted in end-of-stave region

Cabling of near detector electronics

Staves ready  
to be shipped



SCIFI
➤ A half of the whole detector (C-side) is now installed,  

connected and aligned!  
➤ Services connected and being prepared for powering 

➤ Assembly and testing of the A-side frames in full steam 
➤ Installation of connectors & services ongoing 
➤ Installation of frames to start in November

5LHCb-TDR-015



BEAM PIPE
➤ Completion of the SciFi C-side allowed to install the final segments of the beam pipe 

inside the LHCb cavern 

➤ Pumping and leak tests successful; now under vacuum  

➤ Bake-out of the beam pipe ongoing
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Beam pipe

© CERN

More pictures: https://cds.cern.ch/record/2777610 

Magnet

https://cds.cern.ch/record/2777610?ln=en


RICH DETECTORS
➤ RICH2: installation complete, commissioning ongoing 

➤ RICH1: installed lower quartz window and the PMT 
enclosure 
➤ Survey and alignment of RICH1 mirrors successful, preparation 

for installation (Sep/Oct)
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Spherical mirror Flat mirror

LHCb-TDR-014

Quartz window



MUON & CALO
➤ Shielding lead plugs installed in the M2 inner section, surrounding 

the beam pipe 
➤ same done last year in the inner section of the HCAL  

➤ limits the background rate in the inner sections of muon stations 

➤ Most of calorimeter front-end boards installed, are being connected 
➤ completion in September 

➤ Calorimeter systems and services installed 
➤ Fibres, power supplies, PMT cables 

➤ Control units connected to the farm  

➤ Commissioning ongoing for the calorimeter & muon system
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Cabling the CALO

Beam plug

LHCb-TDR-014detectors are in place



➤ PLUME (luminosity 
detector):  
support structure and cables 
installed; 
connectors in progress

➤ RMS (Radiation Monitoring 
System):  
measurement plates installed, 
electronics in preparation

➤ BCM (Beam Conditions 
Monitor):  
support rails and cables 
installed

LUMINOSITY AND PROTECTION SYSTEMS 9

Diamond sensors will be here

Measurement plates

LHCb-TDR-022



➤ Successful Production Readiness Review for the 
HLT1 GPU system 

➤ purchase of the GPUs planned very soon 

➤ HLT2 throughput evolving with lots of physics 
selections added

REAL-TIME ANALYSIS (TRIGGER) 10LHCb-TDR-016 ; LHCb-TDR-021

Figure 1: LHCb upgrade dataflow focusing on the real-time aspects.
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Figure 2: LHCb upgrade dataflow focusing on the real-time aspects, in widescreen view.
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slowdown within acceptable margins

✦ Is the HLT1 performance adequate  
on the candidate GPUs? 

✦ Can 1 GPU per event builder  
server cope with the 40 MHz  
data rate? 

✦ Choice of the “best” option for LHCb

Scope of the review:



OPERATIONS: TOWARDS RUN3
➤ FEST (Full Experiment System Test) campaigns 

➤ Joint effort of Online, RTA, DPA, Simulation teams; one-week commissioning event  

➤ June: successful campaign 
➤ Idea: send simulated data through the parts of our data processing chain  

➤ Tested HLT and offline processing (sprucing) chains 

➤ Work on monitoring 

➤ OctoberFEST upcoming: plan to test the complete data processing chain 

➤ Fast simulation developments: testing of the simulation  
based on simple parametrisations and machine learning  
(Lamarr project) 

➤ achievable speedup up to 1000x compared to nominal  
detailed simulation

11

Preliminary



COMPUTING OPERATIONS & DATA PROCESSING
➤  Reprocessing of Run 2 data: 2017 

done, 2018 and 2016 in preparation 
➤ main purpose: adding new physics 

channels to be studied
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2017 data  
reprocessing

Detailed simulation
Fast simulations

user  
jobs

➤ Addressing the challenges of offline 
processing and analysis with massive 
datasets for Run 3 

➤ Centralised skimming of data selected by 
inclusive triggers: “sprucing” 

➤ Rethinking the analysis workflow: 

➤ Centralised analysis tuple productions 

➤ Exploiting recent ROOT developments 

➤ Efficient analysis preservation 

➤ Preparation of Open Data release  

➤ R&D on innovative analysis techniques, for 
example promoting GPUs in physics analyses



UPGRADE II (RUN 5)
➤ Draft of the Upgrade II Framework Technical Design Report handed to LHCC this week 

➤ outlines options for detector design and enabling our physics programme 

➤ Recent test beams of detector prototypes for VELO, RICH, calorimeter and tracker
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Time Resolution - DESY II & CERN SPS

SpaCal Pb/Poly - DESY II
SpaCal Pb/Poly - CERN SPS
Shashlik - DESY II
Shashlik - CERN SPS

LHCb-TDR-023 (new!)

SPACAL: radiation-hard inner modules  
Shashlik: candidate for outer region

Time resolution study for the ECAL prototypes Silicon pixels (HV-MAPS)  
for Mighty Tracker

15 ps time resolution!

Thanks to our accelerator colleagues for the excellent performance of the SPS!

Test of timing sensors  
for VELO vs incidence angle

our target: ~50 fb-1 per year



PHYSICS OUTPUT
➤ Legacy measurements with the complete Run 2 (+ Run 1) LHCb dataset

14

LHCb physics publications per yearLHCb physics publications



PHYSICS HIGHLIGHTS
➤ Papers submitted since the last LHCC 
• [PAPER-2021-009] Observation of the mass difference between neutral 

charm-meson eigenstates 

• [PAPER-2021-012] Observation of excited  baryons in  decays 

• [PAPER-2021-013] Study of coherent  production in lead-lead 
collisions at  TeV 

• [PAPER-2021-010] Measurement of prompt charged-particle production 
in pp collisions at  TeV 

• [PAPER-2021-016] Observation of a  production asymmetry in 
proton-proton collisions at  TeV 

• [PAPER-2021-022] Angular analysis of the rare decay  

• [PAPER-2021-018] Evidence for a new structure in the  and  
systems in  decays 

• [PAPER-2020-043] Study of  photo-production in lead-lead 
peripheral collisions at  TeV 

• [PAPER-2021-017] Search for the radiative  decay 

• [PAPER-2021-008] Measurement of the  decay properties and 
search for the  and  decays 

• [PAPER-2021-007] Analysis of neutral B-meson decays into two muons 

• [PAPER-2021-015] Measurement of the nuclear modification factor and 
prompt charged particle production in pPb and pp collisions at  
TeV

Ω0
c Ω−

b

J/ψ
sNN = 5

s = 13

Λb − Λb
s = 7, 8

B0
s → ϕμ+μ−

J/ψp J/ψ p̄
B0

s → J/ψpp̄

J/ψ
sNN = 5

Ξ−
b → Ξ−γ

B0
s → μ+μ−

B0 → μ+μ− B0
s → μ+μ−γ

sNN = 5

15many new results for the EPS conference!

➤ Preliminary since the last LHCC 
• [PAPER-2021-019] Search for the doubly charmed baryon  in  final 

state 

• [PAPER-2021-020] Measurement of  production cross-section in pp 
collisions at  TeV 

• [PAPER-2021-021] Measurement of the lifetimes of promptly produced  and 
 baryons 

• [PAPER-2021-023] Updated search for  decays to two charm mesons 

• [PAPER-2021-024] Measurement of the W boson mass 

• [PAPER-2021-025] Observation of two new excited  states decaying to 
 

• [PAPER-2021-026] Measurement of chic1(3872) production in proton-proton 
collisions at   and 13 TeV 

• [PAPER-2021-027] Observation of the suppressed  decay with 
 and measurement if its CP asymmetry 

• [PAPER-2021-028] Search for exotic massive long-lived particles decaying 
semileptonically 

• [PAPER-2021-029] Study of Z bosons produced in association with charm in 
the forward region 

• [PAPER-2021-030] Measurement of the photon polarization in  decays 

• [PAPER-2021-031] Observation of an exotic narrow doubly charmed tetraquark 

• [PAPER-2021-032] Study of the doubly charmed tetraquark  

• [PAPER-2021-033] Simultaneous determination of CKM angle γ and charm 
mixing parameters

Ξ+
cc Ξ+

c π+π−

J/ψ
s = 5

Ω0
c

Ξ0
c

B+
c

Ξ0
b

Λ0
bK−π+

s = 8

Λ0
b → D0pK−

D0 → K+π−

Λ0
b → Λγ

T+
cc

covered in this talk



DOUBLY-CHARM SPECTROSCOPY
➤ States with two charm quarks (rather than a  pair): 

➤ Now: Observation of a narrow peak in  at the threshold 

➤ manifestly exotic state: ; expected isospin 0 and 

cc̄

m(D0D0π+)

ccūd̄ JP = 1+

16[PAPER-2021-031]
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Figure 1: The D0D0⇡+ mass distribution where the contribution of the non-D0 background has
been statistically subtracted. The result of the fit described in the text is overlaid.

Table 1: Signal yield, N , Breit–Wigner mass relative to D⇤+D0 mass threshold �mBW and width
�BW parameters obtained from the fit to the D0D0⇡+ mass spectrum. The uncertainties are
statistical only. The last two rows show the statistical significance S of the observed signal and
the significance of the hypothesis �mBW < 0 in units of standard deviations.

Parameter Value

N 117± 16
�mBW �273± 61 keV/c2

�BW 410± 165 keV

S 22
S�mBW<0 4.3

Table 1. The statistical significance of the observed T+
cc! D0D0⇡+ signal is estimated90

using Wilks’ theorem [92] and is overwhelming, see Table 1. The fit suggests that the mass91

parameter of the Breit–Wigner shape is slightly below the D⇤+D0 mass threshold. The sta-92

tistical significance of the hypothesis �mBW < 0 is estimated to be 4.3 standard deviations.93

To validate the presence of the signal component, several additional cross-checks94

3

Full Run1+Run2 dataset

2021: NEW

also: searches for  (ccd)Ξ+
cc

Preliminary

©CERN



 PROPERTIEST+
cc

➤ Mass measurement: relativistic Breit-Wigner lineshape gives  
;  

➤ consistent with some of theoretical predictions 
➤ width  

➤ A more physical lineshape model explored as well, in upcoming [PAPER-2021-032] 

➤ A plethora of other studies: pole position, multiplicity dependence, characteristic size, 
etc: stay tuned for our papers! 

➤ This result likely implies existence of a weakly-decaying  state (a tetraquark flying 
some mm before decay?)

δm ≡ mT+
cc

− (mD*+ + mD0) = − 273 ± 61(stat) ± 5(syst)+11
−14(J

P) keV/c2

ΓBW = 410 ± 165(stat) ± 43(syst)+18
−38(J

P) keV

bbūd̄

17[PAPER-2021-031] Full Run1+Run2 dataset

More details in our CERN-LHC seminar on 14th September.

mass ~3874.8 MeV/c2

the smallest BW width of any known exotic state

https://indico.cern.ch/event/1065144/


➤  A lot of interest in the spectrum of (excited)  baryons: 

➤ Now, search for 1D states: predicted† to decay to  

➤ Inspect the  spectrum:

Ξb

Σ(*)
b K

Λ0
bK

−π+

BEAUTY BARYON SPECTROSCOPY 18[PAPER-2021-025]

2012, CMS:  
2014, LHCb:  and  
2018, LHCb:  
2020, LHCb:  
2021, CMS: 

Ξb(5945)0

Ξ′�b(5935)− Ξb(5955)−

Ξb(6227)−

Ξb(6227)0

Ξb(6100)−

2

dict the properties of the partners of the Ξb(6227)−, which in-
clude the 2S states and the remaining 1P states in the bottom-
strange baryon sector. Since these states have the sizable OZI-
allowed decay modes, experimental searching for them will
be an interesting research issue. We believe that treating the
Ξb(6227)− as a P-wave bottom baryon is not only a start point
of constructing the whole excited bottom baryons but also
can make the hadron spectroscopy become complete, which
is helpful to further understand the nonperturbative behavior
of QCD.

This paper is organized as follows. After the Introduction,
we decode the newly reported Ξb(6227)− as a P-wave bottom-
strange baryon in Sec. II, where the analysis of mass spectrum
and the calculation of strong decay behaviors can provide the
direct support to this scenario. Finally, the paper ends with the
discussion and conclusion in Sec. III.

II. DECODING THE PROPERTY OF THE Ξb(6227)−

Since the Ξb(6277)− state was observed in the decay chan-
nels Λ0

b
K− and Ξ0

b
π−, we conclude that it must contain sbd

quark component. To reveal its property, a mass spectrum
analysis should be given. In the past years, the mass spec-
tra of highly excited bottom baryons were investigated by
several phenomenological models, which include the non-
relativistic quark model [10], the QCD-motivated relativis-
tic quark model [11], the QCD motivated hypercentral quark
model [12], the Faddeev formalism [13] or method [14], the
relativistic flux tube model [15], the QCD sum rule [16, 17],
and the Regge phenomenology [18]. These studies of the
mass spectrum of bottom baryon support the assignment of
theΞb(6277)− as a 2S or 1P state in the bottom-strange baryon
sector.

As suggested in our former works [19, 20], the heavy-light
baryon system can be treated as a quasi−two-body system in
the heavy quark-light diquark picture.1 Thus, the Cornell po-
tential [21] could be used to phenomenologically depict the
confining interaction between a bottom quark and the light di-
quark. Under this treatment, we may construct the following
the Schrödinger equation:

!

−
∇2

2mµ
−

4α

3r
+ br +C +

32ασ3

9
√
πmdimb

S⃗di · S⃗b

"

ψnL = EψnL.

(1)

Here, S⃗di and S⃗b denote the spins of the light diquark and the
b quark, respectively. In Jaffe’s terminology [22], the light
scalar quark cluster in the Ξb baryon system is called a “good”
diquark (S di = 0), while the light axial-vector quark clus-
ter in the Ξ′

b
baryon is named the “bad” diquark (S di = 1).

Therefore, the spin-spin contact hyperfine interaction in Eq.
(1) is important for calculating the masses of nS Ξ′

b
states.

1 The basic consideration of why we can simplify a heavy-light baryon sys-
tem as a quasi-two-body system in the heavy quark-light diquark picture
and the details of calculation have been explained in Refs. [19, 20].
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FIG. 2: The obtained masses for the bottom-strange baryons. The
red solid lines (left) correspond to the predicted masses of Ξb states
which are composed of a good diquark and a bottom quark, while the
blue solid lines (right) correspond to the Ξ′b states which contain a
bad diquark. Here, we also listed the measured masses of the ground
states [1] and the Ξb(6227)− [9], which are marked by “filled circle”.

The reduced mass is defined as mµ ≡ mdimb/(mdi + mb). The
parameters α, b, and C stand for the strength of the color
Coulomb potential, the strength of linear confinement, and
a mass-renormalized constant, respectively. By solving the
Schrödinger equation, the spin-averaged masses of these ex-
cited bottom baryons can be obtained. When the spin-orbit
and tensor interactions are included, all masses of λ-mode ex-
cited bottom-strange baryons can be calculated. All values of
parameters used in our calculation are listed in Table I.

TABLE I: Values of the parameters for the bottomed baryons in the
nonrelativistic quark potential model where the mass of b quark is
taken as 4.96 GeV. mdi refers to the mass of different diquarks.

Parameters mdi (GeV) α b (GeV2) σ (GeV) C (GeV)

Λb 0.45 0.20 0.112 − 0.265

Ξb 0.63 0.26 0.118 − 0.176

Σb 0.66 0.22 0.116 1.20 0.185

Ξ′
b

0.78 0.22 0.116 1.20 0.152

Ωb 0.91 0.26 0.120 1.07 0.120

We present the calculated masses of bottom-strange
baryons in Fig. 2 and make a comparison of them with the ex-
perimental data. We also list several typical thresholds, which
are denoted by the grey solid lines in Fig. 2. Obviously, the
quark potential model adopted here has reproduced the masses
of three observed ground states of the bottom-strange baryon
family. And then, we may find that the newly observed state,
the Ξb(6227)−, could be a candidate of a 2S Ξb state or a
1P Ξ′

b
state only by this mass spectrum analysis, where the

theoretical value is close to the mass of the Ξb(6227)− under
the 2S and 1P assignments. To give further constraints on its

Figure from 1805.10826

Ξ−
b (6100)?

Slight = 0 Slight = 1
with a mass splitting of �m = 5.41+0.26

�0.27MeV, where the uncertainties are statistical only,119

and the resulting signal yields of ⌅b(6327)0 and ⌅b(6333)0 states are 134± 27 and 117± 24120

respectively.121
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Figure 2: Mass distribution of ⇤0
bK⇡ candidates from (left) RS and (right) WS samples. The fit

result is overlaid. The black dots with error bars correspond to the data distribution, and the
blue dashed line shows the total fit result. Individual fit components are listed in the legend.

To estimate the statistical significance of the two peaking structures, the default method122

is to assume without the existence of these peaks, the value of 2DLL ⌘ 2 log(Lmax/L0))123

follows a �2 distribution. The symbol Lmax indicates the maximum likelihood value124

with both peaks included in the fit model, while L0 is the value obtained from null125

hypothesis with no peak or one peak included. The number of degrees of freedom of the126

�2 distribution is set as the di↵erence of the number of floating parameters in the nominal127

fit and under the null hypothesis. The di↵erence in likelihood of the hypothesis with128

two peaking structures compared to the null hypothesis is estimated, which corresponds129

to a significance of 10.4�, expressed in Gaussian standard deviations. To estimate the130

significance of the two-peak hypothesis with respect to the one-peak assumption, the131

null hypothesis is replaced by a fit model where only one peaking structure is involved,132

resulting in a significance of 6.6 Gaussian standard deviations. Pseudoexperiments are133

performed to validate the significances of the two-peak hypothesis with respect to the134

null hypothesis, including the no-peak and one-peak assumptions. 20000 toy samples are135

generated based on each null hypothesis and the value of 2DLL is estimated for each136

toy sample. The distribution of 2DLL is parameterized as a shape whose tail can be137

modeled using a �2 distribution, with the number of degree of freedom allowed to take138

non-integer values and determined by fitting the 2DLL distributions of the toy samples.139

Then the p value of the two-peak hypothesis is re-estimated, and the result is 10.2� and140

6.6�, with no-peak and one-peak assumptions set as the null hypothesis, respectively.141

The significance from pseudoexperiments is consistent with the default method when142

setting the one-peak assumption as the null hypothesis, but it shows that the default143

method overestimate the significance of the two-peak hypothesis with respect to the144

no-peak hypothesis. So, the number of degrees of freedom of the �2 distribution is set145

as twice the number of floating parameters to feature the two peaking structure, as a146

conservative estimation of significance of the two-peak hypothesis with respect to the147

no-peak hypothesis [44], and the resulting value is 9.5�.148

To study the resonance structure in the excited ⌅0
b decays, several ⇤0

bK
�⇡+ mass fits149

to data samples in 5MeV wide slices of the ⇤0
b⇡ mass regions are performed, based on the150

4

Two new states observed, 
matching  

expectations of 1D states.

Ξ0
b = (usb)

Ξ−
b = (dsb)

Full Run2 dataset

†1803.00364; 1910.03318

Ξb(6327)0 Ξb(6333)0

Preliminary

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.252002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.062004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.072002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.012004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.252003
https://arxiv.org/abs/1805.10826


CHARM BARYON LIFETIMES
➤ PDG’2018: ;  (fixed-target data) 

➤ LHCb, 2018-2019: measurement of lifetimes of charm baryons produced in semileptonic 
decays of beauty baryons 

➤ Lifetimes of  and  changed significantly, new hierarchy: ; 
 four times larger than the world average 

➤ Now: we measure the lifetimes of  and  with prompt production 
➤ larger signal, but higher backgrounds 
➤ relative measurement:   

vs 

τ(Ξ+
c ) > τ(Λ+

c ) > τ(Ξ0
c) > τ(Ω0

c) τ(Ω0
c) = 69 ± 12 fs

Ω0
c Ξ0

c τ(Ξ+
c ) > τ(Ω0

c) > τ(Λ+
c ) > τ(Ξ0

c)
τ(Ω0

c)

Ω0
c Ξ0

c

Ξ0
c, Ω0

c → pK−K−π+

D0 → K+K−π+π−

19[PAPER-2021-021]

Supplementary material361

In the Supplementary material, an illustration of the LHCb measurements of ⌦0
c and ⌅0

c362

lifetimes and the previous world average is shown in Fig. 5, and the fit projections to the363

invariant mass and log10 �
2
IP distributions in di↵erent decay-time intervals and data-taking364

periods are shown in Fig. 6–29.365
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Figure 5: An illustration of the LHCb measurements of ⌦0
c and ⌅0

c lifetimes (2018/19) obtained
from semileptonic beauty-hadron decays [1,2] and (2021) prompt signals, and (2018) the previous
world average [3]. The combined LHCb results are shown in coloured bands.

Figure 6: The (left) invariant-mass distribution and the (right) log10 �
2
IP distribution in the mass

region of [2683, 2707]MeV/c2 for the decay-time interval of [0.52, 0.57] ps in the ⌦0
c data sample

collected in 2016, along with the fit results. The contributions of the signal, the secondary
decays, and the combinatorial background are shown in red (solid), green (dashed), and gray
(dash-dotted), respectively.
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(udc) (dsc)(usc) (ssc)

New hierarchy confirmed!

Run 2 dataset

Average of LHCb results: τ(Ω0
c) = 274.5 ± 12.4 fs

τ(Ξ0
c) = 152.0 ± 2.0 fs

Preliminary

PRL 121 (2018) 092003; PRD 100 (2019) 032001

https://doi.org/10.1103/PhysRevLett.121.092003
https://doi.org/10.1103/PhysRevD.100.032001


RARE  DECAYSb → sℓ+ℓ−

➤   decay: B0
s → ϕμ+μ−

20[PAPER-2021-022]; arXiv: 2107.13428
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RARE  DECAYSb → sℓ+ℓ−

➤ Interpretation of recent LHCb results in terms of the Wilson coefficient  (vector 
coupling in the EFT) 

➤ The three recent LHCb angular analyses consistently favour a negative shift in 
:

C9

ΔRe(C9) ≡ Re(C9) − Re(CSM
9 )

21

[PAPER-2021-014]
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B0
s → ϕμ+μ− B+ → K*+μ+μ− B0 → K*0μ+μ−

These and other results will be discussed at the LHC Flavour Anomaly workshop on 20 October.

https://doi.org/10.1103/PhysRevLett.126.161802
https://doi.org/10.1103/PhysRevLett.125.011802
https://indico.cern.ch/event/1055780/
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Figure 2: One dimensional 1�CL distribution for � from the combination using inputs from B0
s

(yellow), B0 (orange), B+ mesons (blue) and all species together (green).

Fig. 2 for the total combination and for sub-combinations in which the input observables220

are split by the species of the initial B-meson. The corresponding confidence intervals221

are provided in Table 4. Significant di↵erences between initial state B mesons could be222

an indication of new physics entering at tree-level, as the decay topologies for charged223

and neutral initial states are di↵erent. Figure 2 shows a moderate tension (2.2�) between224

the charged and neutral B states although the uncertainties in the B0 and B0
s modes are225

considerably larger than the dominant B+ modes. The sensitivity of the B0 and B0
s modes226

is expected to improve by approximately a factor of 2 with analysis of B0
! DK+⇡�

227

with D ! K0
Sh

+h� and B0
s ! D⌥

s K
± decays using the full Run 2 data sample. Two228

dimensional profile likelihood contours in the (x, y) (left) and (|q/p|,�) (right) planes are229

shown in Fig. 3. This demonstrates the improvement of this combination over the current230

world average in the charm system. A breakdown of the contributing components in the231

combination are shown in Figs. 4 and 5. These highlight the complementary nature of232

the input measurements to constrain both � and the charm mixing parameters. Figure 6233

shows the p-value distribution as a function of � for the global fit. A summary of LHCb �234

combination results as a function of time is given in Fig. 7.235

The determined value of � = (65.4+3.8
�4.2)

� from this combination is compatible with, but236

lower than the previous LHCb combination � = (74+5.0
�5.8)

� [22]. This is driven by improved237

treatments of background sources in the major inputs described in Refs. [23, 24]. An238

assessment of the compatibility between this combination and the previous combination239

which considers the full parameter space and the correlation between the current set of240

inputs and the previous set of inputs finds they are compatible at the level of 2.1�. The241

new result is in excellent agreement with the global CKM fit results of � = (65.6+0.9
�2.7)

� [18]242

using a frequentist framework, and � = (65.8± 2.2)� [19] with a Bayesian approach.243

The charm mixing parameters, x and y, are determined in this combination for the244

first time. The precision on x is driven by the recent input analysis described in Ref. [48].245

The result for y = (0.630+0.033
�0.030)% is significantly more precise than the world average,246

y = (0.603+0.057
�0.056)% [16], by approximately a factor of two, driven entirely by the improved247

measurement of �K⇡
D from the beauty system and the simultaneous averaging methodology248

employed in this note. The correlation between �K⇡
D and �DK±

B± is -57%, highlighting249

8

UNITARITY TRIANGLE MEETS CHARM
➤ Simultaneous combination of LHCb results in UT angle  and  mixing parameters – for 

the first time!  

➤ Charm mixing parameters enter the  interference amplitudes (sensitive to !) – 
useful to consider correlations to improve precision 

➤ More than 20 LHCb publications (151 observables) used in this combination; updated 
inputs on hadronic parameters, strong phases in D decays, etc.  

➤ This results in a world’s most precise value: 

➤ As an input to this combination: 
we updated the measurement of charm mixing parameters

γ D0

B → Dh γ

22[PAPER-2021-033]

γ = (65.4+3.8
−4.2)∘ Excellent agreement with the global fits:  

UTFit (2021):  
CKMFitter (2019): 

γ = 66.1 ± 2.1
γ = 65.6+0.9

−2.7

Combination of Run1+2 results (some are still Run1)

Preliminary

[CONF-2021-001]



CHARM-MESON EIGENSTATES
➤ Study ;  can oscillate to  which decays to same final state 
➤  mixing: mass eigenstates  differ from flavour eigenstates 

➤ Described by dimensionless parameters  and  

➤

D0 → KSπ+π− D0 D0

D0 D1,2 ≡ pD0 ± qD0

x ≡ (mD1
− mD2)/Γ y ≡ (ΓD1

− ΓD2)/(2Γ)

23[PAPER-2021-009]; arXiv: 2106.03744 Run2 dataset

x = (3.98+0.56
−0.54) × 10−3 →

First observation of a 
non-zero mass 
difference (x)!
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Bin-flip method: 
➤ Split Dalitz plot in regions of “equal” strong phase 
➤ Fit to decay time in each bin

Mass difference of the D0 mass eigenstates: 

Table 4: Confidence intervals and central values for � when splitting the combination inputs by
initial B meson species.

Species Value
68.3% CL 95.4% CL

Uncertainty Interval Uncertainty Interval

B+ [�] 61.7 +4.4
�4.8 [56.9, 66.1] +8.6

�9.5 [52.2, 70.3]

B0 [�] 82.0 +8.1
�8.8 [73.2, 90.1] +17

�18 [64, 99]

B0
s [�] 79 +21

�24 [55, 100] +51
�47 [32, 130]

Figure 3: Two dimensional profile likelihood contours for (left) the charm mixing parameters x
and y, and (right) the � and |q/p| parameters. The blue contours show the current charm world
average from Ref. [14], the green contours show the result of this combination. Contours are
drawn out to 5� and contain 68.3%, 95.4%, 99.7%, etc. of the distribution.

The relative impact of systematic uncertainties on the input observables is studied, and259

found to contribute approximately 1.4� to the result for �, demonstrating this combination260

is still in the regime of statistical dominance. Correlations between systematic uncertainties261

from statistically independent measurements are currently neglected.262

In previous combinations, the experimental input from B0
! D⌥⇡± decays was263

included with an external theoretical prediction of rD
⌥⇡±

B0 = 0.0182 ± 0.0038 [33]. This264

prediction requires a modest assumption of SU(3) symmetry, and was the only theory265

input in an otherwise purely experimental measurement. This external input is no longer266

used, and the combination gives an experimental determination of rD
⌥⇡±

B0 = 0.030+0.014
�0.012.267

This is in good agreement with the theory based prediction and provides confidence that268

the assumption of SU(3) symmetry is valid within the current precision. Note that this269

change has a negligible impact on the determination of other parameters.270

5 Conclusion271

In summary, a combination of LHCb measurements sensitive to � and charm mixing,272

along with auxiliary information from other experiments, is performed for the first time.273

10

y = (0.630+0.033
−0.030) %x = (0.400+0.052

−0.053) %

value of x dominated 
by our latest result

value of y twice more 
precise than the world 

average

30 million signal events;  
tagged by D*±

Plug this in our global combination:
Preliminary



Table 4: The postfit values of the mW fit with the NNPDF31 nlo as 0118 PDF set. The
uncertainties quoted are statistical.

Floating parameter Postfit value
Fraction of W+

! µ+⌫ 0.5293 ± 0.0006
Fraction of W�

! µ�⌫ 0.3510 ± 0.0005
Fraction of hadron background 0.0151 ± 0.0007
↵Z
s 0.1243 ± 0.0004

↵W
s 0.1263 ± 0.0003

kintr

T 1.57 ± 0.14GeV
A3 scaling 0.979 ± 0.026
mW 80364.4 ± 22.7MeV
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Figure 11: The (left) q/pT and (right) �⇤ distribution compared to the postfit model.

that a consequence of the limited accuracy of POWHEGPythia may be some process609

dependent mis-modelling. The A3 scaling factor is statistically consistent with unity,610

which suggests that the O(↵2

s) predictions from DYTurbo are compatible with the data.611

Figure 12 (left) shows the postfit projection of the q/pT distribution in the Z boson612

sample where each muon is only included if it satisfies the W selection requirements. The613

model is in good agreement with the data. Figure 12 (right) shows that the Z boson614

rapidity distribution is well described by the postfit model.615

8 Systematic uncertainties and cross checks616

Table 5 lists the results of fits based on the NNPDF3.1, CT18NLO and MSHT20 PDF617

sets. The mW values agree within an envelope of 11.4MeV, which supports the choice to618

report an arithmetic average of the three. The uncertainties are evaluated according to619

the specific methods for the three groups. The NNPDF3.1 uncertainty is evaluated as the620

RMS of mW values according to 100 replicas, whereas the other two sets use fixed numbers621

of eigenvectors. The CT18NLO uncertainty is corrected from 90% C.L. to 68% C.L. to be622

consistent with all other uncertainties in this analysis. For each PDF set, the uncertainty623

from the replica variations is added in quadrature to the uncertainty from variations624

in the ↵s used in the PDF fits. Values of 0.116 < ↵s < 0.120 are considered, and the625

21

Supplementary material for LHCb-PAPER-2021-024861

This appendix contains supplementary material that will posted on the public CDS record862

but will not appear in the paper.863

80100 80150 80200 80250 80300 80350 80400 80450 80500
 [MeV]Wm

Electroweak Fit

LHCb 2016 run

ATLAS

D0

CDF

OPAL

L3

DELPHI

ALEPH

LHCbTotal uncertainty
Stat. uncertainty

Figure 13: The measured value of mW by LHCb with 2016 data compared to other published
results, including measurements from the LEP experiments ALEPH, DELPHI, L3 and OPAL,
the Tevatron collider experiments CDF and D0, and the ATLAS experiment at the LHC. The
current prediction of mW from the Global Electroweak Fit is also included.

31

W MASS
➤  is an important parameter of the Standard Model, sensitive to BSM contributions 

➤ Challenging experimentally:  leaves one track 

➤ Measured at LHCb for the first time: high-rapidity measurement brings complementarity 
due to partly orthogonal PDF uncertainties (compared to low-rapidity) 

➤ Fit to the  of the muon from , simultaneously with angle  in  
➤ Requires a very precise control of systematic effects: notably, detector alignment

mW

W → μνμ

q/pT W → μνμ ϕ* Z → μμ

242016 dataset[PAPER-2021-024]

See the CERN seminar by Mika Vesterinen for the details

A full-Run2 LHCb measurement will benefit from theory development.

mw = 80364 ± 23stat ± 10exp ± 17theory ± 9PDFPreliminary Preliminary

Preliminary

proof-of-principle  
measurement

https://indico.cern.ch/event/1027304/


CHARMING Z BOSONS
➤  Measure events where Z boson is produced 

together with a c-quark jet 

➤ First such measurement in the forward region! 

➤ Enhancement found at high rapidities 

➤ Can be explained by presence of a high-x charm  
component inside the proton – ‘intrinsic charm’ 

➤ A global PDF analysis is needed for a complete interpretation.

25[PAPER-2021-029]

LHCb is truly a general-purpose detector, providing measurements in the 
forward region and complementing the other LHC experiments.
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Figure 5: Measured Rc
j distribution (gray bands) for three intervals of forward Z rapidity,

compared to NLO SM predictions [24] without IC [35], with the charm PDF shape allowed
to vary (hence, permitting IC) [33, 68], and with IC as predicted by LFQCD with a mean
momentum fraction of 1% [32].

SM calculations. The observed Rc
j spectrum exhibits a sizable enhancement at forward190

Z rapidities, consistent with the e↵ect expected if the proton wave function contains191

the |uudcc̄i component predicted by LFQCD; however, these Rc
j results will need to192

be incorporated into global PDF analyses before firm conclusions can be drawn about193

intrinsic charm.194
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Auvergne-Rhône-Alpes (France); Key Research Program of Frontier Sciences of CAS, CAS211

PIFI, CAS CCEPP, Fundamental Research Funds for the Central Universities, and Sci.212

7

Full Run2 dataset

enhancement

Preliminary



OUTLOOK
➤ Collecting harvest from our flavourful Run 1 + Run 2 datasets 

➤ Precision on the UT angle  improved from   
to  during the years of LHCb operation 

➤ The  is now known more precisely than  

➤ Important contributions to hadron spectroscopy 

➤ High-  physics in forward region 

➤ LHCb Upgrade I is in its crucial phase 

➤ Multiple systems installed & in commissioning  

➤ For the others, schedule is tight but we put all  
possible effort to meet it 

➤ Mapping the future of particle physics with our planned Upgrade II

γ ∼ 20∘

∼ 4∘

γ α

pT
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Figure 1: The D0D0⇡+ mass distribution where the contribution of the non-D0 background has
been statistically subtracted. The result of the fit described in the text is overlaid.

Table 1: Signal yield, N , Breit–Wigner mass relative to D⇤+D0 mass threshold �mBW and width
�BW parameters obtained from the fit to the D0D0⇡+ mass spectrum. The uncertainties are
statistical only. The last two rows show the statistical significance S of the observed signal and
the significance of the hypothesis �mBW < 0 in units of standard deviations.

Parameter Value

N 117± 16
�mBW �273± 61 keV/c2

�BW 410± 165 keV

S 22
S�mBW<0 4.3

Table 1. The statistical significance of the observed T+
cc! D0D0⇡+ signal is estimated90

using Wilks’ theorem [92] and is overwhelming, see Table 1. The fit suggests that the mass91

parameter of the Breit–Wigner shape is slightly below the D⇤+D0 mass threshold. The sta-92

tistical significance of the hypothesis �mBW < 0 is estimated to be 4.3 standard deviations.93

To validate the presence of the signal component, several additional cross-checks94

3

Charming tetraquark W-boson mass

Preliminary

Table 4: The postfit values of the mW fit with the NNPDF31 nlo as 0118 PDF set. The
uncertainties quoted are statistical.

Floating parameter Postfit value
Fraction of W+

! µ+⌫ 0.5293 ± 0.0006
Fraction of W�

! µ�⌫ 0.3510 ± 0.0005
Fraction of hadron background 0.0151 ± 0.0007
↵Z
s 0.1243 ± 0.0004

↵W
s 0.1263 ± 0.0003

kintr

T 1.57 ± 0.14GeV
A3 scaling 0.979 ± 0.026
mW 80364.4 ± 22.7MeV
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Figure 11: The (left) q/pT and (right) �⇤ distribution compared to the postfit model.

that a consequence of the limited accuracy of POWHEGPythia may be some process609

dependent mis-modelling. The A3 scaling factor is statistically consistent with unity,610

which suggests that the O(↵2

s) predictions from DYTurbo are compatible with the data.611

Figure 12 (left) shows the postfit projection of the q/pT distribution in the Z boson612

sample where each muon is only included if it satisfies the W selection requirements. The613

model is in good agreement with the data. Figure 12 (right) shows that the Z boson614

rapidity distribution is well described by the postfit model.615

8 Systematic uncertainties and cross checks616

Table 5 lists the results of fits based on the NNPDF3.1, CT18NLO and MSHT20 PDF617

sets. The mW values agree within an envelope of 11.4MeV, which supports the choice to618

report an arithmetic average of the three. The uncertainties are evaluated according to619

the specific methods for the three groups. The NNPDF3.1 uncertainty is evaluated as the620

RMS of mW values according to 100 replicas, whereas the other two sets use fixed numbers621

of eigenvectors. The CT18NLO uncertainty is corrected from 90% C.L. to 68% C.L. to be622

consistent with all other uncertainties in this analysis. For each PDF set, the uncertainty623

from the replica variations is added in quadrature to the uncertainty from variations624

in the ↵s used in the PDF fits. Values of 0.116 < ↵s < 0.120 are considered, and the625
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VTRX STATUS
➤ VTRX: transceiver to the optical systems (common between LHC experiments) 

➤ Issue: at high temperatures, glue emits gas which condensates and prevents transmission 

➤ Solution: bake-out  

➤ LHCb: bake-out in progress, done for some subdetectors, replacement in progress and 
will finish in time 

➤ Exception: SciFi and RICH2 where VTRX are under active cooling (and sometimes hard 
to replace)
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