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• LHCb originally designed for the study of CP violation and rare decays in 
beauty and charm → and now a general purpose detector! 

•  production in  collisions mostly in the forward direction 
 
 
 
 

• Run 1+2: 9fb–1 of pp collisions 
(+pPb, PbPb, fixed-target mode) 

• LHCb = 1.5k members, 1070 authors, 
95 institutes, 
21 countries 
 
 

bb̄ pp

2

LHCb in a nutshell

LHCb → forward spectrometer (2< <5) 
with excellent vertexing, tracking and 
particle identification (K/π/p/μ/e/γ)

η

Run 1, 3fb–1 
7&8 TeV

Run 2, 6fb–1 
13 TeV

JINST 3 (2008) S08005

η1

η2

http://dx.doi.org/10.1088/1748-0221/3/08/S08005
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Physics programme overview
CP violation + CKM

Rare decays

Spectroscopy

Electroweak and QCD

Dark sector

Heavy ions

Fixed target
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LHCb physics

TODAY: 
- New exotic hadron states 
- CP violation and mixing 
- New rare decays results 
- Electroweak measurements 
- Heavy ions and fixed target

Charm

600 published papers

Strange
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Exotic hadronic states
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• Several conventional and 
exotic hadronic states 
discovered at the LHC, many  
of them (59/66) by LHCb 
- key to study of 

non-perturbative QCD 
 

• nature of exotic states still unclear: 
loosely (hadronic molecule) or tightly bound?  
 
 

• LHCb report the observation of new exotic states 
- ,  (tetra-quark states) 

-  (penta-quark state)

Ta
cs̄0(2900)++ Ta

cs̄0(2900)0

PΛ
ψs(4438)0

5

Search for exotic hadronic states

LHCb-FIGURE-2021-001 (update)

Ente
ring

 a 

new
 Era!

New naming convention 
proposed by LHCb

arXiv:2206.15233

confirmed by 
ATLAS and 

CMS at ICHEP

https://cds.cern.ch/record/2749030
https://www.nikhef.nl/~pkoppenb/particles.html
https://arxiv.org/abs/2206.15233
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• Isospin pair of doubly charged and neutral tetraquarks: 
 and  

-  
 
 
 
 

• First strange pentaquark: 

Ta
cs̄0(2900)++ (cs̄ud̄) Ta

cs̄0(2900)0 (cs̄ūd)

PΛ
ψs(4438)0 (cc̄uds)

6

New tetra- and pentaquark states

(a) (b)

Figure 3: Data distributions and fit results with the inclusion of the new 0+ D+
s ⇡ resonant

states. (a) M(D+
s ⇡

�) distribution of B0 ! D0D+
s ⇡

� decays; (b) M(D+
s ⇡

+) distribution for the
B+ ! D�D+

s ⇡
+ sample.

with the peaks near 2.9GeV, as well as the dip near 3.0GeV, better described.97

Di↵erent spin-parity scenarios are tested, and JP = 0+ produces the best likelihood.98

The mass and width are determined to be 2.909±0.010GeV and 0.134±0.019GeV, respec-99

tively. Following the convention in Ref. [?], the new states are named as T a
cs̄0(2900)

0 and100

T a
cs̄0(2900)

++ [?]. When using separate parameters for T a
cs̄0(2900)

0 in the B0 ! D0D+
s ⇡

�
101

decays and T a
cs̄0(2900)

++ in the B+ ! D�D+
s ⇡

+ decays, without changing the treat-102

ment of the other states, the masses and widths are found to be 2.894 ± 0.011GeV103

and 0.121 ± 0.020GeV for T a
cs̄0(2900)

0, and 2.922 ± 0.012GeV and 0.138 ± 0.029GeV104

for T a
cs̄0(2900)

++. Detailed description is provided in Ref. [31]. The fit parameters are105

consistent with the earlier result, as expected given the isospin symmetry of the decays.106

Toy studies are performed in order to estimate the significance of the new T a
cs̄0(2900)107

state. 500 pseudoexperiments are generated according to the null hypothesis, the model108

without the inclusion of T a
cs̄0(2900), where the parameters are fixed to the corresponding109

results. The event number in each pseudoexperiments is drawn from a Poisson distribution110

with the mean set to the number obtained from the data. Events are generated in the six111

channels separately, and the background and e�ciency e↵ects are included. The same fit112

strategies are applied to the pseudoexperiments and the distribution of the di↵erence of113

twice negative log-likelihood (2�LL) with and without the T a
cs̄0(2900) is fitted using a �2

114

PDF with the number of degrees of freedom, Ndf , free to vary. The Ndf is determined115

to be 6.99 ± 0.17 and the 2�LL obtained corresponds to a significance greater than 9116

standard deviations (�).117

Among other tested JP hypotheses, only 1� D+
s ⇡ state leads to a large significance of118

6.3 � (Ndf = 6.99), while the other cases are not significant. Test of the hypothesis with119

the simultaneous presence of 0+ T a
cs̄0(2900) and 1� D+

s ⇡ states yields the significance of120

1.3 � (Ndf = 6.99), suggesting there is no need in this analysis to include it. Additional121

D⇡, D+
s ⇡ and DD+

s resonances with spin-parity hypotheses up to 4+ are tested with and122

without T a
cs̄0(2900) exotic states, and all are disfavored.123

Pseudoexperiments are performed to determined the spin-parity of T a
cs̄0(2900). 500124

pseudoexperiments are generated with the default fit results, and the other 500 pseudoex-125

periments are generated with the fit results with a 1� D+
s ⇡ exotic state included. Each126

toy distribution is fitted both under the JP = 0+ hypothesis and JP = 1� hypothesis,127

4

Ta
cs̄0(2900)++ Ta

cs̄0(2900)0

LHCb-PAPER-2022-026/027 (in preparation)

LHCb-PAPER-2022-031 
 (in preparation)4.2 4.25 4.3 4.35
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Figure 3: One-dimensional projections of invariant mass distributions and cos ✓K⇤ angular
variable from fit results to data using the nominal model. The baseline model fit results are also
shown in grey. The ⌅+

c D
� baryon-meson threshold at 4.337 GeV is indicated with a vertical

dashed line in the m(J/ ⇤) invariant mass distribution.

resonant contribution, four complex couplings for the NR(⇤p) contribution, a complex143

coupling and two parameters for the 2-nd order polynominal parameterization of the144

lineshape for the NR(J/ p) contribution.145

The baseline model comprises only the two NR contributions and it is used as null146

hypothesis to test the significance of the P 0
cs state present in the nominal model. The147

fit results for the nominal and the baseline model are shown in Fig. 3. The baseline148

model does not describe the data with a corresponding �2
max/n.d.f. = 120.8/39. Using149

the nominal model, a good fit to data was obtained with a �2
max/n.d.f. = 55.3/39 and150

corresponding p-value of 0.044.151

A new narrow J/ ⇤ structure is observed with high significance in the nominal fit to152

data. Using the Wilks’ theorem, a statistical significance exceeding 15� is estimated from153

the �2� logL = 243 of the baseline model with respect the nominal model. The mass154

and width of the new pentaquark candidate are measured to be MPcs = 4338.2± 0.7MeV155
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Figure 1: Fit to the J/ ⇤p invariant-mass distribution for reconstructed signal candidates. The
fit is described in the text and the results are overlaid.
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Figure 2: Dalitz plot distribution for B� candidates (black dots) in the signal region. The colour
scale represents the number of candidates in each Dalitz plot region.

distribution is present. Activity in the high m2(J/ p) spectrum is also present. This93

Letter investigates the nature of these enhancements, which are not compatible with the94

pure phase-space hypothesis.95

An amplitude analysis of B� candidates in the signal region is performed using a96

phenomenological model based on the interference of two-body resonances in the three97

decay chains, J/ K
⇤0
(! ⇤p), ⇤P�

c (! J/ p), and pP 0
cs(! J/ ⇤), labelled as the K

⇤0
, P�

c98

and P 0
cs chains, respectively. The subsequent J/ !µ+µ� and ⇤ !p⇡� decays are taken99

into account in all cases. The decay amplitudes are based on the helicity formalism [27]100

with CP symmetry enforced, and follow the prescriptions in Ref. [28] for the spin alignment101

of the di↵erent decay chains. Details about the decay amplitude definition are given in102

3

→ R. Ma & N. Neri in parallel sessions

PRELIMINARYPRELIMINARY

PRELIMINARY PRELIMINARY

https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/Summary_all.html
https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/Summary_all.html
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CP violation and mixing
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• Observed CPV in four 
decay channels: 

, , 
,  

• Localised CP asymmetries

B± → K±π+π− B± → K±K+K−

B± → π±π+π− B± → π±K+K−

8

CP violation in  B± → h±h+h−
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→ A. Gomes in parallel sessions

https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2021-049.html
https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2021-050.html
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•  from combination of 15 -decay and 9 -decay LHCb measurements 
- simultaneous fit of  and  mixing parameters (  and ) 

 
 
 
 

• New measurement of  with  

- (second) most precise 
single determination of  

- largest  ever measured 
[in one phase-space bin]

γ B D
γ D0 x ≡ ΔM/Γ y ≡ ΔΓ/2Γ

γ B± → D( → K∓π±π±π∓)K±

γ

ACP

9

CKM angle  and charm mixingγ
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LHCb-PAPER-2022-017 (in preparation)

γ
JHEP 12 (2021) 141

γ = (65.4+3.8
−4.2)

∘

→ T. Evans in parallel sessions

https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/Summary_all.html
https://doi.org/10.1007/JHEP12(2021)141
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• Lifetime difference between  and  
 
 
 
 
 
 
 

• Charm mixing parameters 
in  decays 
from  
→ "bin-flip" method

D0 → K−π+ D0 → f ( f = π+π−, K+K−)

D0 → K0
Sπ+π−

B̄ → D0μ−ν̄μX

10

Charm mixing

τ(D0 → K−π+)
τ(D0 → f )

− 1 = y f
CP − yKπ
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Belle 2016  0.92± 2.20 ±11.10 
LHCb 2019  0.94± 1.33 ±5.66 
Belle 2020  6.43± 9.10 ±10.30 

LHCb 2022  0.13± 0.26 ±6.96 

World average  0.13± 0.25 ±6.97 
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Figure 1: (Left) D0 Dalitz plot of reconstructed B ! D0(! K0
S⇡

+⇡�)µ�⌫̄µX decays for the
D0 flavour and (right) definition of the binning scheme proposed by CLEO [21].

parameters and in the limit of CP -conserving decay amplitudes, the ratio of yields between108

the Dalitz bin �b and the Dalitz bin +b in the decay-time bin j can be expressed as [12]109

R±
bj ⇡

rb +
1

4
rb ht2ij Re

�
z2CP ��z2

�
+

1

4
ht2ij |zCP ±�z|2 +

p
rbhtij Re [X⇤

b (zCP ±�z)]

1 +
1

4
ht2ij Re

�
z2CP ��z2

�
+ rb

1

4
ht2ij |zCP ±�z|2 +

p
rbhtij Re [Xb(zCP ±�z)]

,

(9)
where the + (�) sign refers to the D0 (D0) initial flavour. Here htij (ht2ij) is the average110

of the decay time (squared) of unmixed decays in units of ⌧D0 , and rb is the ratio of111

signal yields between bins �b and +b at t = 0. zCP ± �z ⌘ � (q/p)±1 (y + ix), and112

Xb ⌘ cb � isb, where cb and sb are the amplitude-weighted averages of the cosine and113

sine of the strong-phase di↵erence over the Dalitz bin ±b. The mixing and CP -violating114

parameters are determined through performing a joint fit of the R±
bj expressions to the115

measured yield ratios. Equation (9) is valid if time-dependent variations of the e�ciency116

are negligible. Time-independent e�ciency variations in the Dalitz phase space do not117

a↵ect the extraction of the mixing and CP -violating parameters, which relate to zCP and118

�z as119

xCP = � Im (zCP ) , �x = � Im (�z) , (10)

yCP = �Re (zCP ) , �y = �Re (�z) . (11)

The analysis steps are described in the following, with references to detailed chapters given120

where applicable. Section 4 explains the initial selection of the data, which includes a121

multivariate analysis (MVA) dedicated to the suppression of the combinatorial background.122

As previously stated, the bin-flip method assumes no correlation between decay time123

and Dalitz space coordinates, as it integrates over Dalitz and decay time bins separately.124

Experimentally-induced correlations, caused by non-uniform selection e�ciencies, are125

removed through a combination of simulation-based and data-driven methods, which126

is described in detail in Section 5. Validation tests are performed to confirm that any127

remaining reconstruction and selection e↵ects do not a↵ect the final result and hence do128

4

D0 → K 0
Sπ+π−

PRELIMINARY
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Figure 5: Two-dimensional 68.3% and 95.5% confidence-level contours on (left) (x, y) and (right)
(|q/p|� 1, �). Results from D⇤+ ! D0(! K0

S⇡
+⇡�)⇡+ [9], B ! D0(! K0

S⇡
+⇡�)µ�⌫̄µX, and

their combination are shown.
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• CPV in charm small in the standard model ⇒ sensitive to new physics 

• CPV in charm observed in time-integrated difference of CP asymmetries 

• New measurement of  : 
 
 
and determine the direct CP asymmetries 
 
 
 
→ 3.8σ evidence for direct CP violation 
    in  ! 
→ unclear if SM or new dynamics 
    in charm decays 

ACP(K−K+)

D0 → π−π+

11

First charm CPV in single channel

  [PRL 122 (2019) 211803]ΔACP = ACP(K+K−) − ACP(π+π−) = (−15.4 ± 2.9) × 10−4

ACP(K−K+) = [6.8 ± 5.4 (stat) ± 1.6 (syst)] × 10−4
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Figure 1: Distributions of the invariant mass for the weighted charm candidates, for the
decays (top left) D⇤+ !D0 (!K�K+)⇡+, (top right) D⇤+ ! D0(! K�⇡+) ⇡+, (centre left)
D+ ! K�⇡+⇡+, and (centre right) D+ ! K0⇡+, and those relevant for the CDS calibration
procedure: (bottom left) D+

s ! K�K+⇡+, and (bottom right) D+
s ! K0K+. The data for the

D⇤+ !D0 (!K�K+)⇡+ and D⇤+ ! D0(! K�⇡+)⇡+ decays use the weights determined in
the CDP calibration procedure. The results of the fits overlaid to these distributions are shown
as well.
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 ad
K−K+ = (7.7 ± 5.7) × 10−4

ad
π−π+ = (23.2 ± 6.1) × 10−4

PRELIMINARY

Serena Maccolini 7 July 2022Direct CPV in charm

 
First evidence for direct CP violation

• They report the first evidence for direct CP violation in 
D0→π-π+ decays at the level of 3.8 . 

• U-spin breaking in CP asymmetries: 
  at the level of 2.7 .

σ

ad
KK + ad

ππ ≠ 0 σ
 14
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LHCb preliminary

within the years of data taking, also distinguishing di↵erent magnet polarities. Also, a224

splitting in subsamples based on the trigger configuration is considered. The p-values225

under the hypothesis of no dependencies of ACP (K�K+) on the various variables are226

found to be uniformely distributed. Checks using more stringent PID requirements and227

di↵erent trigger selections are performed, and all variations of ACP (K�K+) are found to228

be compatible within statistical uncertainties.229

The resulting values for ACP (K�K+) for both calibration procedures are230

CD+ : ACP (K
�K+) = [13.6± 8.8 (stat)± 1.6 (syst)]⇥ 10�4, (7)

CD+
s
: ACP (K

�K+) = [ 2.8± 6.7 (stat)± 2.0 (syst)]⇥ 10�4.

with a correlation corresponding to ⇢ = 0.06. The two results are in agreement within one231

standard deviation. Their combination is232

ACP (K
�K+) = [6.8± 5.4 (stat)± 1.6 (syst)]⇥ 10�4,

consistent with the previous LHCb results [20, 52]. Assuming that CP is conserved in233

mixing and in the interference between decay and mixing, the comparison of the result234

reported here with the current world average [54], gives a compatibility of 1.3 standard235

deviations.236

A combination of all the time-integrated CP asymmetries measured by LHCb to date237

is performed, under the hypothesis that the time-dependent CP violation term in Eq.2 is238

final-state independent, i.e. �YK�K+ = �Y⇡�⇡+ = �Y . The combination is performed239

including the previous LHCb measurements of ACP (K�K+) [20,52] and �ACP [13,47,52],240

statistically independent from the one reported in this Letter. To derive values of direct241

CP asymmetries, the current LHCb average of �Y [55], the world average of the D0
242

lifetime [46] and the values of reconstructed mean decay times for the D0 ! K�K+ and243

D0 ! ⇡�⇡+ decays in the various analysis are also used. The combination leads to244

adK�K+ = ( 7.7± 5.7)⇥ 10�4,

ad⇡�⇡+ = (23.2± 6.1)⇥ 10�4,

where the uncertainties include systematic and statistical contributions with a correlation245

coe�cient equal to ⇢ = 0.88. Figure 2 shows the central values and the confidence regions246

in the (adK�K+ , ad⇡�⇡+) plane for this combination and the one realized with measurements247

from the Run 1 data taking period (2010 – 2012) [20,47,52,56,57]. The two combinations248

are based on an integrated luminosity of 8.7 fb�1 and 3.0 fb�1, respectively.249

The significance of the deviation from zero of the direct CP asymmetries correspond250

to 1.4 and 3.8 standard deviations for D0 ! K�K+ and D0 ! ⇡�⇡+ decays, respectively.251

This is the first evidence for direct CP violation in the D0 ! ⇡�⇡+ decay. The value252

of the relation adK�K+ + ad⇡�⇡+ = (30.8 ± 11.4) ⇥ 10�4 corresponds to a departure from253

U -spin symmetry of 2.7 standard deviations.254

In summary, this Letter reports the measurement of time-integrated CP asymmetry255

in D0 ! K�K+ decays. A combination with the previous LHCb measurements shows256

the first evidence of direct CP asymmetry in an individual charm decay. These results257

will help to clarify the theoretical understanding and establish whether the observed258

CP violation in neutral charm decay is consistent with the SM, or an indication of the259

existence of new dynamics in charm decays.260
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with   = 0.88ρ(ad
KK, ad

ππ)

PRELIMINARY

→ S. Maccolini in parallel sessions

https://doi.org/10.1103/PhysRevLett.122.211803
https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/Summary_all.html
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Rare decays
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• LFU in  decays 
- tree-level processes involving 2nd & 3rd  

generations show 3.3σ tension with SM 
- Recent input from LHCb: 

- observation of  
→   
compatible with SM  [PRD 99 (2019) 055008]  

• LFU in  decays 
-  

-  about 3.1σ below SM (Run 1+2, 9fb–1) 

- Updates in preparation on full data set: 
- , ,   

- unified analysis of  and  with 
more  bins, will provide 
final result on Run 1 + Run 2

b → cℓν

Λ0
b → Λ+

c τ−ν̄τ

R(Λ+
c ) = 0.242 ± 0.026 ± 0.040 ± 0.059

R(Λ+
c )SM = 0.340 ± 0.004

b → sℓℓ
R ≡ ℬ(B → Xμ+μ−)/ℬ(B → Xe+e−)

RK

RpK Rϕ RKππ

RK RK*

q2

13

Lepton flavour universality

PRL 128 (2022) 191803

→ S. Schmitt & R. Puthumanaillam 
in parallel sessions
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RK [Nat. Phys. 18, 277–282 (2022)]
RK0

S
[PRL 128, No. 19]

RK§+ [PRL 128, No. 19]

RpK [JHEP 05 (2020) 040]
RK§0 [JHEP 08 (2017) 055]

https://doi.org/10.1103/PhysRevD.99.055008
https://doi.org/10.1103/PhysRevLett.128.191803
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• Search for   
(also Baryon number violating) 
 
 

• Search for  
- partial  reconstruction 

 
 

• Search for  and  

B0
(s) → pμ−

B0 → K0*τ±μ∓

τ± → π±π+π−(π0)ν̄τ

B0 → K0*μ±e∓ B0
s → ϕμ±e∓

14

Lepton flavour (number) violation

LHCb-PAPER-2022-022 (in preparation)

LHCb-PAPER-2022-008
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Figure 5: Results from the CLs scan used to obtain the limit on (left) B (B0! pµ�) and (right)
B (B0

s ! pµ�). The background-only expectation is shown by the red line and the 1� and 2�
bands are shown as light blue and blue bands respectively. The observation is shown as the solid
black line. The two dashed lines intersecting with the observation indicate the limits at 90%
and 95% CL for the upper and lower line, respectively.

by constraining the respective nuisance parameters in the likelihood fit with a Gaussian260

distribution having the central value of the parameter as the mean and its total uncertainty261

(statistical and systematic) as the width.262

8 Summary263

In summary, a search for the LNV and BNV decays B0! pµ� and B0
s ! pµ� is performed264

using the full Run 1 and Run 2 data samples of the LHCb experiment, corresponding to265

a total integrated luminosity of 9 fb�1. No excesses are observed for these two modes and266

upper limits on the branching fractions are set at B(B0! pµ�) < 2.6 (3.1)⇥ 10�9 and267

B(B0
s ! pµ�) < 1.2 (1.4)⇥ 10�8 at 90% (95%) CL. These results represent the first upper268

limits on these decays to date.269
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 @90%(95%) C.L. 
 @90%(95%) C.L.

ℬ(B0 → pμ−) < 2.6(3.1) × 10−9

ℬ(B0
s → pμ−) < 1.2(1.4) × 10−8

LHCb-PAPER-2022-021 (in preparation)

 @90%(95%) C.L. 
 @90%(95%) C.L.

ℬ(B0 → K*0τ+μ−) < 1.0(1.2) × 10−5

ℬ(B0 → K*0τ−μ+) < 8.2(9.8) × 10−6
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Figure 2: Reconstructed B0
(s) mass distributions for (top left) B0

! K⇤0µ+e�, (top right)

B0
! K⇤0µ�e+, (bottom left) B0

! K⇤0µ±e⌥, and (bottom right) B0
s ! �µ±e⌥ candidates.

The data are overlaid with the fit projections of (red) the signal-plus-background model and
(blue) the background component. For illustration, the signal shape, scaled to a branching
fraction of 5⇥ 10�8 for the B0

! K⇤0µ±e⌥ decays and 1⇥ 10�7 for B0
s ! �µ±e⌥, is drawn as

red dashed line.

quadratically to the uncertainty of the parameter from the fit with the reduced BDT229

requirement, and included as Gaussian constraint in the fit.230

A summary of the systematic uncertainties a↵ecting the normalisation constant ↵231

is given in Tab. 3. The dominant source of systematic uncertainty originates from the232

uncertainty on the branching fraction of the normalisation channel. For the signal decay233

B0
s
! �µ±e⌥ a systematic uncertainty of similar size arises from the significant lifetime234

di↵erence of the B0
s
mass eigenstates. The e↵ective lifetime of the final state is a priori235

unknown and can a↵ect the signal e�ciency which depends on the B0
s
decay time. The236

di↵erence between the two extreme options ⌧L and ⌧H is used to determine a conservative237

systematic uncertainty. Further systematic uncertainties arise from the limited size of the238

simulation samples and corrections to simulated samples with limited precision. These239

include the weighting of the B production kinematics and event multiplicity, corrections240

of the particle identification response and the tracking e�ciency, as well as the corrections241

of the trigger e�ciencies using data [58]. In addition, systematic uncertainties originating242

from residual di↵erences between data and simulation are conservatively estimated from a243

comparison of the BDT output distribution for background-subtracted [59] B0
! J/ (!244
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 @90%(95%) C.L. 
 @90%(95%) C.L. 

 @90%(95%) C.L. 
 @90%(95%) C.L.

ℬ(B0 → K*0μ+e−) < 5.7(6.9) × 10−9

ℬ(B0 → K*0μ−e+) < 6.8(7.9) × 10−9

ℬ(B0 → K*0μ±e∓) < 10.1(11.7) × 10−9

ℬ(B0
s → ϕμ±e∓) < 16.0(19.8) × 10−9
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Figure 5: The expected and observed p-values derived with the CLs method as a function of the
B0! K⇤0⌧+µ� (left) and B0! K⇤0⌧�µ+ (right) branching fraction. The red line corresponds
to the 95% CL.

7 Systematic uncertainties277

The systematic uncertainty related to the branching fractions used as inputs for the278

determination of the limit is assessed imposing Gaussian constraints to their values, taken279

from the PDG [54].280

The normalisation procedure involves ratios of signal and normalisation e�ciencies for281

which systematic uncertainties cancel. However, some uncertainties on the e�ciencies are282

left, and need to be assessed properly.283

The uncertainty related to the limited size of the simulation samples used to determine284

the e�ciencies is part of the statistical uncertainty.285

The ratio between the signal and the normalisation tracking e�ciencies is determined286

from simulation. Possible di↵erences in data with respect to simulation will be of the287

same order at numerator and denominator for five out of the six particles in the final288

state, cancelling out. To account for the fact that the sixth hadron in the normalisation289

channel interacts di↵erently with the material with respect to the muon in the signal290

channel, a 1.4% error is assigned to the tracking e�ciencies ratio.291

The systematic uncertainty on the determination of the PID selection e�ciency292

accounts for: the limited size of simulation and calibration samples; the choice of the p, ⌘293

and number of tracks bin sizes; and the use of the sP lot technique to extract the signal294

in the control samples.295

Although the simulation of the variables used in the multivariate classifiers has been296

validated with the normalisation channel, small residual discrepancies could a↵ect the297

evaluation of the classifier e�ciencies. To account for this, the B0! D�D+
s candidates298

with a mass within ±50MeV/c2 around the known mass [54] of the B0 meson are selected299

for both data and simulation, providing a high purity sample on which the classifiers300

used to select the B0! K⇤0⌧µ signal are applied. The variables of the classifiers relative301

to the tau are applied to the D� meson and analogously those of the K⇤0 are applied302

to the D+
s . For each classifier, the cut yielding to an e�ciency on the B0 ! D�D+

s303

simulation sample equivalent to that obtained by the cut on the simulated B0! K⇤0⌧µ304

sample is determined. The relative systematic uncertainty is the absolute value of the305

di↵erence in e�ciencies of this cut between B0! D�D+
s simulation and data, divided by306
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Electroweak, heavy ions 
and fixed target
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• Several results from rich heavy-ion physics programme 
 
 
 
 
 
 

• SMOG 
- gas injection system for fixed-target physics 
- New results 

-  production in He at 110GeV 

- charmonia production in Ne at 68.5GeV 

-  production in PbNe at 68.5GeV

p̄ p

p

J/Ψ
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Beyond LS2
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• Major upgrade of all sub-detectors 
 
→   
    pile-up  
 
→ fully software trigger for 
    40MHz readout 

- New pixel-detector VELO 

- New RICH mechanics, optics, photodetectors 

- New Silicon strip upstream tracker UT (installation at end of year) 

- New SciFi tracker 

- New electronics for MUON and CALO 

- New luminometer PLUME

ℒpeak = 2 × 1033cm−2s−1

≈ 5

19

LHCb upgrade I (Runs 3+4)

Instal
led for

 

operat
ions in

 Run 3
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• Vertex pixel detector, 5mm from beam 
- innovative microchannel CO2 cooling 

• Installation completed in May 
• Commissioning progressing very well! 

- in process of calibration, time and 
spatial alignment, tuning, 
while maintaining detector safety

20

Upgrade I: VELO

13

The new VELO
• Pixel detector  5 mm from the beam, with 

innovative micro channel cooling

LHCC-2013-021

• Test of first-half disrupted by omicron 
wave in December 2021, installed in 
March and now being commissioned

• Cooling leak delayed second half, 
transported at CERN end of April and 
installed last Friday, in time for 2022 data 
taking

VELO side-C installation

FULL VELO IN: critical milestone!!!

VELO side-A installation
VELO installation

13

The new VELO
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innovative micro channel cooling
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• Test of first-half disrupted by omicron 
wave in December 2021, installed in 
March and now being commissioned

• Cooling leak delayed second half, 
transported at CERN end of April and 
installed last Friday, in time for 2022 data 
taking

VELO side-C installation

FULL VELO IN: critical milestone!!!

VELO side-A installation

CERN-LHCC-2013-021

http://cds.cern.ch/record/1624070
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• UT Silicon strips tracker upstream of magnet 
- Silicon strip detector with integrated cooling 
- 68 staves, arranged in 4 planes 
- assembly ongoing, installation at end of year 

(not essential for early physics operation) 
• SciFi tracker downstream of magnet 

- scintillating fibres 
readout by SiPMs 

- 340m2, 11'000 km 
scintillating fibres 

- 4096 128-channel 
SiPMs 

- fully installed for 
Run 3

21

Upgrade I: UT and SciFi

15

Scintillating Fibre Tracker
Cost-effective large scale 
downstream tracker based 
on 12 large planes 
equipped with scintillating 
fibres

Installation 
successfully 
completed in 
February

• All electronics and 
services connected

• Commissioning being 
finalised

LHCC-2014-001

SciFi

18

..and the Upstream Tracker! LHCC-2014-001

68 staves with silicon strips and 
integrated cooling, arranged in 4 
planes 

• fast pT determination for track extrapolation 
 reduce ghost track, and improve trigger 

bandwidth
→

• long-lived particles decaying after VELO ( )KS, Λ

Detector assembly ongoing at 
surface, to be ready for detector 
installation later in year

• services in the cavern completed, first stave 
mounted

Not essential for early physics 
operation

SciFi

18

..and the Upstream Tracker! LHCC-2014-001

68 staves with silicon strips and 
integrated cooling, arranged in 4 
planes 

• fast pT determination for track extrapolation 
 reduce ghost track, and improve trigger 

bandwidth
→

• long-lived particles decaying after VELO ( )KS, Λ

Detector assembly ongoing at 
surface, to be ready for detector 
installation later in year

• services in the cavern completed, first stave 
mounted

Not essential for early physics 
operation

UT

CERN-LHCC-2014-001

http://cds.cern.ch/record/1647400
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• Particle identification system essential for flavour physics programme 
- new MaPMTs with increased granularity 
- 40MHz readout electronics 
- new RICH1 mirrors with increased 

focal length ⇒ 1/2 occupancy 

- installed for Run 3

22

Upgrade I: RICH 1+2

14

 RICH1 and RICH2
Unique particle identification system, 
key for success of physics programme

• RICH1:  new mirrors with increased focal 
length, to halve the occupancy

• RICH1/2:  new photodetectors MaPMTs with 
increased granularity and 40 MHz readout

RICH1: MaPMTs installed upper side

RICH2: first rings acquired during LHC october test

LHCC-2013-022

Installation successfully completed in 
February, detector commissioned and 
now in data taking

RICH1: 
pixel map

RICH 1 MaPMTs after installation (upper side)

RICH 2 MaPMTs

CERN-LHCC-2013-022

http://cds.cern.ch/record/1624074
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• CALO + MUON: existing detectors + new electronics → 40MHz 
• Shashlik calorimeters ECAL & HCAL 
• MUON 

- 4 MWPC layers 
- iron filters 

• New luminometer: PLUME 
- quartz tablets readout 

with PMT 
- per-bunch luminosity 

measurement 
• SMOG2 gas target 

- for fixed-target physics 
- gas targets for He, Ne, Ar 

(+ possibly H2, D2, N2, Kr, Xe)

23

Upgrade I: CALO, MUON, PLUME, ...

17

Luminometer and SMOG2  
Crucial systems are  also ready to operate 
just at the entrance of the VELO

Detector installed and included in DAQ

PLUME  luminometer
• quartz tablets + PMTs for online+offline per-

bunch luminosity measurement

SMOG2 gas target

• New storage cell for the gas upstream of the 
nominal IP 

• Gas density increased by up to two orders of 
magnitude  much higher luminosity→

• Gas targets:  + possibly He, Ne, Ar H2, D2, N2, Kr, Xe

Simultaneous p-p and p-gas data 
taking possible!

LHCC-2019-005

LHCC-2021-002

PLUME

LHCb Upgrade I: CALO & Muon

bunchIDs seen in CALO

Occupancy Muon station 2

CERN-LHCC-2013-022

• New Electronics readout
• Existing detectors able to stand
increased luminosity of Run3

– Small upgrades for LS3

• Shashlik Calorimeters
– PMT gains reduced
– New front-end electronics
with improved S/N and 40MHz readout

• Muon stations
– 4 walls equipped with MWPCs, and 

interleaved with iron filters
– 40Mz readout electronics

• Detectors in Global data taking
Chris Parkes,  BEACH, June 2022 20

LHCb Upgrade I: CALO & Muon

bunchIDs seen in CALO

Occupancy Muon station 2

CERN-LHCC-2013-022

• New Electronics readout
• Existing detectors able to stand
increased luminosity of Run3

– Small upgrades for LS3

• Shashlik Calorimeters
– PMT gains reduced
– New front-end electronics
with improved S/N and 40MHz readout

• Muon stations
– 4 walls equipped with MWPCs, and 

interleaved with iron filters
– 40Mz readout electronics

• Detectors in Global data taking
Chris Parkes,  BEACH, June 2022 20

MUON

HCAL

LHCb Upgrade I: PLUME & SMOG CERN-LHCC-2021-002
CERN-LHCC-2019-005

• Systems at the entrance of the VELO 
are ready to operate

• PLUME  luminometer
– quartz tablets + PMTs
– online+offline per-bunch luminosity measurement
– in Global data taking

• SMOG2 gas target
– New storage cell for the gas upstream of the nominal IP 

– Gas density increased by up to two orders of magnitude →
much higher luminosity

– Gas targets: 𝐻𝑒, 𝑁𝑒, 𝐴𝑟 + possibly 𝐻2,𝐷2, 𝑁2, 𝐾𝑟, 𝑋𝑒
– Installed & tested
– Simultaneous p-p and p-gas data taking possible!

Chris Parkes,  BEACH, June 2022 21
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CERN-LHCC-2021-002

CERN-LHCC-2019-005 → E. Spedicato in poster session 
& E. Graverini in parallel sessions

http://cds.cern.ch/record/1624074
http://cds.cern.ch/record/2750034
http://cds.cern.ch/record/2673690
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• All subdetectors read out at 40MHz → full software trigger 

• 30MHz of inelastic collisions reduced 
to 1MHz in HLT1 (tracking 
+vertexing+muon ID) 
- running on GPUs 

• Hadronic yield 10 relative to Run 2 ×

24

Upgrade I: Fully software trigger
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Run 3 trigger revolution
L0 hardware has been removed, a full software trigger will process 30 MHz of 
inelastic collisions  factor of ~10 expected in hadronic yields at Run 3→

LHCC-2014-016
LHCC-2020-006

30 MHz of inelastic collisions will be 
reduced to ~1MHz by the HLT1 
(tracking/vertexing  and muon ID) 
running on GPUs 

• achieved with ~200 cards
• room to expand to ~500 cards 

when porting more reco/selection 
functionalities into HLT1
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0-
01
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M. van Veghel, Mon 16:09R. Vazquez, Mon 15:33Highest throughput of any HEP experiment

CERN-LHCC-2014-016 
CERN-LHCC-2020-006

→ Ch. Agapopoulou in parallel sessions

http://cds.cern.ch/record/1701361
http://cds.cern.ch/record/2717938
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First data at 13.6TeV
First 13.6 TeV event display
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First data at 13.6TeV
First 13.6 TeV event display

RICH rings 
@13.6TeV
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Ongoing commissioning

• Final stretch of commissioning with 
beams has begun in March.  

• “Cosmic runs” to deal with issues 
encountered in October. 

• Finally, on 5th July first collisions at 
6.8 TeV.  

• Muon system smoothly running. 

• Now focusing on finer time 
alignment of the detector, and 
ironing out smaller issues.

LORENZO PAOLUCCI (ON BEHALF OF THE LHCB COLLABORATION)

Above: Hit map for M2 at 
6.8 TeV. 

Below: Activity plot of 
colliding bunches, as seen 
by the Muon system

13

MUON station M2 
Hit map
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•  ,  (Run 5+6) , Pile-up  

• Starting R&D phase of new technologies 
- precision timing for tracking and PID 
- extreme radiation hardness 
- low-cost monolithic pixels 
- cryogenic cooling (for SiPMs) 

• Unprecedented 
sensitivity expected 
for flavour physics 
and beyond

ℒpeak = 1.5 × 1034cm−2s−1 ℒint ≃ 300fb−1 ∼ 40

27

LHCb at HL-LHC (LS4)

20

Planning for Upgrade II
Upgrade IIUpgrade I

Upgrade II

• Lpeak = 1.5x1034 cm-2 s-1

•  Lint = ~300 fb-1 during 
Run 5 & 6 

Upgrade II

2033-

• Fully exploit the HL-LHC 
for flavour physics

 Framework TDR  approved by LHCC

LHCC-2021-012

• Targeting same detector performance as in Run 3, but with pile-up ~40!

•Subdetector TDRs at beginning of LS3

• New detector technologies  (e.g. precision timing, low-cost monolithic 
pixels)  pathfinder for future projects beyond the LHC

P. Collins, Fri 15:27

New collaborators welcomed!

LHCC-2021-012

SlideManuel Franco Sevilla Recent results from LHCb

Preparing for Upgrade II

Targeting Run 3 detector performance at , pile-up of ~40!  

Excellent radiation tolerance, higher granularity, precise timing information (~15 ps) 
➡ Framework TDR approved by LHCC CERN-LHCC-2021-012 

Fantastic physics reach

1.5 × 1034 cm−2s−1

37

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2039 2040 2041 2042

9 fb-1 Goal: 50 fb-1

Upgrade I
Goal: 300 fb-1

Upgrade IIUpgrade Ib

Figure 24: Projected uncertainty for various RHc ratios from the Belle-II and LHCb experiments
(years are indicative). The Belle-II uncertainties include estimates of the evolution of the
systematic uncertainties. The systematic uncertainties at LHCb are assumed to scale with the
accumulated statistics until they reach limits at 0.003, 0.004 and 0.012 for RD⇤ , RD and RJ/ ,
and 0.006 for both RDs and R⇤c .

Figure 25: Projected uncertainty for various RHs ratios from the Belle-II and LHCb experiments
(years are indicative) in the range ⇠ 1 < q

2
< 6 GeV2

/c
4. The Belle-II values include estimates

of the evolution of the systematic uncertainties (for RK⇤ , the charged and neutral channels have
been combined). The LHCb uncertainties are statistical only (the precision of all measurements
will be dominated by the size of the available data samples except for RK and RK⇤ at 300 fb�1).
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Figure 10.2: Evolving constraints in the ⇢̄ � ⌘̄ plane from LHCb measurements and lattice QCD calcula-
tions, alone, with current inputs (2018), and the anticipated improvements from the data accumulated by
2025 (23 fb�1) and 2035 (300 fb�1), taking the values given in Table 10.1. The hadronic parameter ⇠ is
a necessary input in the determination of the side opposite � and is assumed to be calculated with a
precision of 0.6% and 0.3%, in 2025 and 2035, respectively [614]. In the future projections the central
values of the inputs have been adjusted to provide internal consistency.
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RMP, 94, 015003 (2022)
J. Phys. G. 46, 023001 (2018)

CERN-LHCC-2018-027
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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

8
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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

10
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→ LHCb welcomes 
new collaborators!

Consolidation

https://cds.cern.ch/record/2776420
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• Broad physics programme at LHCb 
- Flavour physics, spectroscopy, electroweak, dark sector, heavy ions... 

• New upgrade I detector starting NOW! 
- recorded first collisions at 13.6 TeV 

• Planning for the future: 
- Upgrade II detector: FTDR approved 
→ R&D towards subdetector TDRs

28

Summary

LHCb collaboration 
June 2022


