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LHCb detector
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LHCb detector layout
• LHCb is mainly (but not only) studying beauty (and charm)
– At LHC, the production of heavy quark pairs is peaked 

forward/backward
– The detector is a single arm spectrometer

• Both b-hadrons go together forward (or backward)
• Acceptance 2 < η < 5

– A b-meson / baryon is boosted
• It flies several millimetres before decaying
• This is the main signature for selecting events

• General detector layout
– The silicon vertex detector is a key component
– Dipole magnet, and tracking stations after, to measure accurately 

the momentum
– Particle identification by two RICH detectors, electromagnetic 

and hadronic calorimeters, and a muon system
4

➡ Primary focus of LHCb is to study decay of B 
hadrons 

❖ CKM angle γ, CPV in charmless 2-body B decays, CPV 
in Bs ➝ J/ψφ, Bs ➝ μ+μ-, angular analysis of B0 ➝ 
K*μ+μ- and Bs ➝ φγ (arXiv:0912.4179) 

➡ Need 
❖ good time resolution 
❖ good momentum/mass resolution 
❖ particle identification 
❖ large production of B hadrons



LHCb detector
➡ Exploit large b-hadron 

cross-section in 
forward region 

➡ Excellent tracking, 
vertexing and particle 
identification 

➡ Very flexible trigger
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Chapter 2

The LHCb Detector

2.1 Detector layout

LHCb is a single-arm spectrometer with a forward angular coverage from approximately 10 mrad
to 300 (250) mrad in the bending (non-bending) plane. The choice of the detector geometry is
justified by the fact that at high energies both the b- and b-hadrons are predominantly produced in
the same forward or backward cone.

The layout of the LHCb spectrometer is shown in figure 2.1. The right-handed coordinate
system adopted has the z axis along the beam, and the y axis along the vertical.

Intersection Point 8 of the LHC, previously used by the DELPHI experiment during the LEP

Figure 2.1: View of the LHCb detector.
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Trigger in a nutshell
➡ Flexible trigger to 

accommodate new ideas 
➡ Evolution over time to best 

utilise resources 
➡ Detector calibration/alignment 

before running HTL2 
➡ Offline quality reconstruction in 

HLT2 
➡ Remove HW trigger in Run 3

4

The LHCb trigger system

Run 1 (2010-12) Run 2 (2015-18) 7

See Fedor Ratnikov on Thursday

See talk by Pawel 
Kopciewicz for details



LHCb dataset
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➡ About 9 fb-1 during Run 1 
and Run 2 

➡ In Runs 3–4 aim at 50 fb-1 
➡ Data from 2024 double out 

dataset 
❖ Effect is larger for some 

decays than pure luminosity 
scaling 

➡ Typical data taking efficiency 
over 90%



The CKM unitarity triangle
➡ Flavour transitions in the SM 

described by CKM matrix 
➡ 4 real parameters, three 

mixing angles and one 
complex phase 

➡ Usually represented as a 
triangle in complex plane 

➡ Only two parameters define 
triangle, can over-constrain
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1 12. CKM Quark-Mixing Matrix

12. CKM Quark-Mixing Matrix

Revised March 2022 by A. Ceccucci (CERN), Z. Ligeti (LBNL) and Y. Sakai (KEK).

12.1 Introduction
The masses and mixings of quarks have a common origin in the Standard Model (SM). They

arise from the Yukawa interactions with the Higgs condensate,
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where Y
u,d are 3◊3 complex matrices, „ is the Higgs field, i, j are generation labels, and ‘ is the 2◊2

antisymmetric tensor. Q
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This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2] is a 3 ◊ 3 unitary matrix. It can be
parameterized by three mixing angles and the CP -violating KM phase [2]. Of the many possible
conventions, a standard choice has become [3]
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where sij = sin ◊ij , cij = cos ◊ij , and ” is the phase responsible for all CP -violating phenomena in
flavor-changing processes in the SM. The angles ◊ij can be chosen to lie in the first quadrant, so
sij , cij Ø 0.

It is known experimentally that s13 π s23 π s12 π 1, and it is convenient to exhibit this
hierarchy using the Wolfenstein parameterization. We define [4–6]
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These relations ensure that fl̄ + i÷̄ = ≠(VudV
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cb) is phase convention independent, and the
CKM matrix written in terms of ⁄, A, fl̄, and ÷̄ is unitary to all orders in ⁄. The definitions of fl̄, ÷̄

reproduce all approximate results in the literature; i.e., fl̄ = fl(1≠⁄
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R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01 (2022) and 2023 update
1st December, 2023 11:05am
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Figure 12.1: Sketch of the unitarity triangle.

The CKM matrix elements are fundamental parameters of the SM, so their precise determination
is important. The unitarity of the CKM matrix imposes

q
i VijV

ú

ik = ”jk and
q

j VijV
ú

kj = ”ik. The
six vanishing combinations can be represented as triangles in a complex plane, of which those
obtained by taking scalar products of neighboring rows or columns are nearly degenerate. The
areas of all triangles are the same, half of the Jarlskog invariant, J [7], which is a phase-convention-
independent measure of CP violation, defined by Im

#
VijVklV

ú

il V
ú

kj

$
= J

q
m,n ÁikmÁjln.

The most commonly used unitarity triangle arises from

Vud V
ú

ub + Vcd V
ú

cb + Vtd V
ú

tb = 0 , (12.6)

by dividing each side by VcdV
ú

cb (see Fig. 12.1). Its vertices are exactly (0, 0), (1, 0), and, due to
the definition in Eq. (12.4), (fl̄, ÷̄). An important goal of flavor physics is to overconstrain the
CKM elements, and many measurements can be conveniently displayed and compared in the fl̄, ÷̄

plane. While the Lagrangian in Eq. (12.1) is renormalized, and the CKM matrix has a well-known
scale dependence above the weak scale [8], below µ = mW the CKM elements can be treated as
constants, with all µ-dependence contained in the running of quark masses and higher-dimension
operators.

Unless explicitly stated otherwise, we describe all measurements assuming the SM, to extract
magnitudes and phases of CKM elements in Sec. 12.2 and 12.3. Processes dominated by loop-level
contributions in the SM are particularly sensitive to new physics beyond the SM (BSM). We give
the global fit results for the CKM elements in Sec. 12.4, and discuss some implications for beyond
standard model physics in Sec. 12.5.

12.2 Magnitudes of CKM elements
12.2.1 |Vud|

The most precise determination of |Vud| comes from the study of superallowed 0+ æ 0+ nuclear
beta decays, which are pure vector transitions. Taking the average of the fifteen most precise
determinations [9] yields [10]

|Vud| = 0.97373 ± 0.00031 . (12.7)

1st December, 2023
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➡ Generally consistent picture, but there is still room for new physics 
➡ We should not forget significant input from the whole community 
➡ New physics can cause 

various counters not 
aligning to single point

The unitarity triangle
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ckmfitter.in2p3.fr www.utfit.org
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CP Violation
➡ CPV probes complex phase of CKM matrix ➝ needs interference of 

amplitudes for measurable effect 
➡ Three situations usually considered 
❖ CP violation in mixing — difference in oscillation rate of particle and antiparticle 
❖ CP violation in interference of decay with and without mixing — this is what  

B-factories observed in B0 ➝ J/ψKS decays 
✦ Effect in time-dependence 

❖ Direct CPV — decay rate for particle and antiparticle is different, only possibility for 
charged mesons and baryons 

✦ Typically interfering amplitudes need different not only weak phases but also strong phases

8



CKM angle β
➡ Interference of decays with and without mixing 
➡ Golden measurement confirming CKM paradigm 
➡ Flavour tagged time-dependent analysis 
➡ World’s best measurement
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mixing and bàccs transitions
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Phys. Rev. Lett. 115 031601 (2015)

Measurement of sin2b

• LHCb has
reached the 
precision of the 
B factories and 
will surpass that
with Run-2 data

Phys. Rev. Lett. 132 (2024) 021801

http://www.apple.com/uk
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φs in Bs➝J/ψK+K-

➡ Equivalent to CKM angle β in the Bs sector 
➡ Additional challenges as final state is not CP eigenstate — Need angular 

analysis to separate CP eigenstates 
➡ Large Bs mixing frequency — Need very good time resolution
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φs in Bs➝J/ψK+K-

➡ Significant constraints on possible deviations from the SM 
➡ Still room for new physics 
➡ Measured also with Bs ➝ Ds+Ds- and Bs ➝ J/ψπ+π- decays

11

Phys. Rev. Lett. 132 (2024) 051802

http://dx.doi.org/10.1103/PhysRevLett.132.051802


Direct CPV in B+ ➝ J/ψπ+

➡ Cabbibo suppressed tree level decay — do not expect significant CPV 
➡ Measured relative to B+ ➝ J/ψK+ decays 
➡ First evidence (significance 3.2σ) in these kind of decays 
➡ At least one of the two decays have to exhibit CPV

12

arXiv:2411.12178
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CKM angle γ
➡ Only place to access CKM matrix complex phase 

in tree level decays 
➡ Interference when  and  decay to common 

final state 
❖ Doubly Cabibbo suppressed   
❖ Single Cabibbo suppressed  
❖ Multibody decays like  with non-trivial 

dependence over phase space 
➡ In practice, combine all possible measurements 

together

D0 D̄0

D0 → K+π−

D0 → K+K−(π+π−)
D0 → KSπ+π−
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CKM W measurements at LHCb Lei Hao

Figure 1: Description of the Feynman diagrams for the processes (left) ⌫� ! ⇡
(⇤)0

 
� and (right)

⌫
� ! ⇡̄

(⇤)0
 

� .

1. Introduction

The CKM matrix elements, denoted as +8 9 , represent the strength of flavour-changing weak
interactions [1]. ⇠%-violation arises from the complex phases of these CKM elements [2, 3]. The
CKM angle W ⌘arg(+D3+⇤

D1
+23+⇤

21
) is one of the least known CKM parameters.

Direct measurements of W can be accessible at tree level, so they are benchmarks of the standard
model. Assuming no new physics at tree level, the theoretical uncertainties are negligible [4].
Indirect measurements involve loop processes and rely on various inputs, including global fits to
the unitary triangle, assuming a closed triangle. New physics can contribute to loop processes.
Therefore, a discrepancy between direct and indirect measurements would be a clear indication of
new physics.

The most powerful method for determining W relies on ⌫± ! ⇡
(⇤)
 

± decays, where ⇡ (⇤)

represents an admixture of the ⇡ (⇤)0 and ⇡̄ (⇤)0 states. Fig 1 shows the interference between 1 ! 2

and 1 ! D can give sensitivity to W [5]. Several techniques are available for measuring W using
decays such as ⌫± ! ⇡

(⇤)
 

±. The GLW method involves studying decays of the ⇡ meson to ⇠%
eigenstates. The ADS approach requires consideration of favoured and doubly Cabibbo-suppressed
⇡ decays. BPGGSZ utilises ⇡ decays to self-conjugate final states, such as  0

S⌘
+
⌘
�, and measures

the ⇠% asymmetries over the phase space.

2. Combination of W measurements

The combination of W has been updated, including new and updated measurements with
⌫
± ! [ ⌥

c
±
c
±
c
⌥]⇡⌘± [6] and ⌫± ! [⌘±⌘0⌥c0]⇡⌘± [7] decays published by the LHCb collab-

oration during 2022, as well as updates in charm sector [8]. The updated determination of W is
(63.8+3.5

�3.7)�, which is compatible with the previous combination by the LHCb collaboration. Fur-
thermore, this result is in excellent agreement with the predictions from global CKM fits [9]. It is
the most precise determination from a single measurement to data [10].

3. BP-GGSZ method

The Dalitz plot (DP) of multi-body ⇡ meson decays is divided into bins [11] to measure W
model-independently. The ⇡ !  

0
Sc

+
c
� and ⇡ !  

0
S 

+
 

� modes are included. For  0
Sc

+
c
�

mode, The DP is divided into 16 bins, while for  0
S 

+
 

� mode, it is divided into 4 bins [12].
The expected yields in the DP bins are related to the ⇠% observables through Eq. 1. The �8

denotes the fractional yields of ⇡0 decays in the respective bins, which can be mainly determined
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CKM angle γ
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➡ Latest measurement using DK* decays 
with multiple D decays 

➡ Suppressed decays observed for the 
first time 

➡ Clear CPV seen γ = (63 ± 13)∘

arXiv:2410.21115

http://arxiv.org/abs/arXiv:2410.21115
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➡ In the SM, b➝sll cannot happen at tree 
level 

➡ FCNC decays through loop diagrams 
➡ SM predicts BF of the order 10-6 
➡ Typically such decays have complex 

angular structure offering variety of 
observables 

❖ Precision of SM prediction varies depending on 
sensitivity to form factors 

➡ Sensitive probe of NP contribution 
➡ Many intriguing measurements in the past
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Rare FCNC decays
➡ Decays can be described by effective 

Hamiltonian 

                    

➡  are Wilson coefficients (strength of 
given interaction), describe short distance 
effects 

➡  are operators, describing long-
distance effects

Heff = −
4GF

2
V*tsVtb

10

∑
i=1

Ci(μ)𝒪i(μ)

Ci(μ)

𝒪i(μ)

16

𝒪9 ∝ (s̄LγμbL)(l̄γμl)
𝒪10 ∝ (s̄LγμbL)(l̄γμγ5l)

𝒪7 ∝ (s̄LσμνbR)Fμν



Figure 7: Two-dimensional confidence regions for selected combinations of the Wilson Coe�cients,
obtained using a likelihood profile method. The shaded regions indicate the 1� and 3� confidence
regions considering only statistical uncertainties, while the dashed contours indicate the same
regions with systematic uncertainties included. The horizontal and vertical dashed lines show
the Standard Model values.

calculations that can be used to constrain the B
0 ! D

(⇤)
D

(⇤)
(! µ

+
µ
�)K⇤0 amplitudes

would help improve sensitivity to the Wilson Coe�cient C9⌧ in future measurements.
The current best upper limit on the B(B0 ! K

⇤0
⌧
+
⌧
�) branching fraction is 3.1⇥10�3

at 90% Confidence Level [78] (CL), corresponding to an upper limit of |C9⌧ | < 680 at
90% CL (assuming no NP contribution in the C10⌧ coe�cient) or |C9⌧ | < 600 (assuming
the relation C10⌧ = �C9⌧ ). The 90% CL upper limit on the |C9⌧ | parameter from this
work is |C9⌧ | < 500 (|C9⌧ | < 600 at 95% CL). To convert the upper limits on the
B

0 ! K
⇤0
⌧
+
⌧
� branching fraction in Ref. [78] to upper limits on the parameter |C9⌧ |,

the flavio package [79] is used, with local B
0 ! K

⇤0 form factors from Ref. [36] and
subleading e↵ects parameterised as in Ref. [19].

A number of cross-checks are performed to validate the results of this analysis. The
description of the dominant nonlocal amplitudes, i.e. those of the J/ and  (2S) resonances,
is validated by comparing the fitted amplitude parameters and resulting angular observables
to those measured in previous analyses. To this end, the angular observables FL, S3, S4,
S8, and S9 are calculated at the J/ pole mass, and compared along with the magnitudes

and phases |AJ/ 
k,?| and �J/ k,?, to the results reported by LHCb [52]. Agreement within 1.5�

29

B0 ➝ K*0μ+μ- angular ana
➡ Rich phenomenology in angular distributions 
➡ Past measurements show some discrepancies, but 

there is long-standing debate what they exactly 
mean 

➡ Precision is now so high that tiny details in 
predictions matter 

❖ Local contributions are well understood 
❖ But there are contributions from charm or τ lepton loops 

and interference effects 
➡ Perform unbanned analysis in which non-local 

contributions are part of the fit
17
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B0 ➝ K*0μ+μ- angular ana
➡ Shift from the SM not as large as in other analyses 
❖ There is more freedom to accommodate differences 

➡ Provides information about various amplitudes 
❖ Hopefully, theory can use it to understand non-local 

contributions better 
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Table 4: Results for the Wilson Coe�cients. The first uncertainty is statistical, while the second
is systematic.

Wilson Coe�cient results
C9 3.56 ± 0.28 ± 0.18
C10 �4.02 ± 0.18 ± 0.16
C 0
9 0.28 ± 0.41 ± 0.12

C 0
10 �0.09 ± 0.21 ± 0.06

C9⌧ (�1.0 ± 2.6 ± 1.0) ⇥ 102

The q
2 resolution is accounted for in the baseline model as described in Sec. 3.3. As

an approximation, the parameters of the resolution model are assumed to remain constant
within each q

2 region. Pseudoexperiments investigating the e↵ects of mismodelling the
q
2 resolution are performed and no significant e↵ects are observed to result from this

assumption.
The mass of the K

⇤0
0 (700) scalar state has a large uncertainty. Varying the mass in the

interval 0.680 < mK⇤0
0 (700) < 0.900 GeV2

/c
4 results in no significant change apart from the

value of the e↵ective form factor for the S-wave which is a nuisance parameter in the fit.
After the full selection has been applied, the fraction of events that contain more

than one candidate is approximately 0.18%. These events are unlikely to correspond
to multiple true candidates and are not distributed evenly throughout the phase space.
However, the distribution of events with multiple candidates is found to be well modelled
in simulation, hence all candidates are retained in the subsequent analysis and a small
systematic uncertainty related to their inclusion is determined from simulation.

6 Results

The full q
2 spectrum resulting from the simultaneous fit is shown overlaid on the data in

Fig. 5. The total PDF is decomposed into signal and background components, and the
signal component is further decomposed into the contributions from local amplitudes, one-
and two-particle nonlocal amplitudes, and the interference between them. The same results
are shown with alternative signal decompositions in Figs. 16 and 17 in Appendix D.1.

The optimal values of the Wilson Coe�cients C(0)
9,10 and C9⌧ are listed in Table 4 along

with 1� statistical and systematic uncertainties. The quoted statistical uncertainties are
obtained from the covariance matrix evaluated at the best fit point. The systematic
uncertainties are evaluated as described in Sec. 5. The corresponding one-dimensional
likelihood profiles are shown in Fig. 6, wherein the 1�, 2�, and 3� confidence intervals are
indicated considering both statistical and systematic uncertainties. The intervals obtained
using the profile likelihood method are in excellent agreement with the parameter errors
obtained from the covariance matrix. The SM values for the Wilson Coe�cients obtained
from Ref. [16, 17] are also indicated in Fig. 6, revealing a 2.1� deviation in the C9 fit
result, and otherwise good agreement with SM. Two-dimensional likelihood profiles for
C(0)
9,10 are also obtained, as shown in Fig. 7. The parameters of the dominant nonlocal

contributions, i.e. the one-particle resonance amplitudes, are listed in Tables 5 and 6, and
the two-particle and nonresonant contributions to the C7 parameters are given in Table 7.

The prior and posterior values for the local form factor parameters are given in Table 8.
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LFU tests
➡ In the SM, leptons coupling is universal, so decays 

with different leptons should be same 
➡ Latest test using Bs ➝ φl+l- decays 
➡ Consistent with SM
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Figure 1: Mass distributions of selected B0
s ! �e+e� candidates in the (top left) low-, (top

right) central-, (bottom left) high-q2, and (bottom right) J/ bins. The data are summed over
the three data-taking periods and are compared with the result of the fit described in the text.

samples but only changes the yields by 0.2%, confirming that the K+K�`+`� mass model
gives an appropriate description of the data. The ratio of branching fractions between
B0

s ! J/ (! µ+µ�)� and B0
s ! J/ (! e+e�)� decays, rJ/ , is determined from fits to

the constrained masses, in bins of di↵erent kinematic variables, and found to be consistent
with unity; the most significant variation is used to assign a systematic uncertainty on the
measurement. The value of rJ/ for the combined data set is rJ/ = 0.997±0.013, where the
uncertainty combines the statistical and a subset of the systematic uncertainties pertaining
to the limited size of the calibration samples used in the data-simulation corrections. The
double ratio R (2S), defined by replacing the signal mode B0

s ! �`+`� with the decay
B0

s !  (2S)� in Eq. 1, is determined from fits to candidates with 11 < q2 < 15GeV2/c4.
The double ratio is found to be R (2S) = 1.010 ± 0.026, consistent with the expectation
of unity, where again the uncertainty combines statistical and systematic contributions.
An independent test [75] using � mesons from D+

s decays, that decay to e+e� and µ+µ�,
shows that the lepton e�ciency is well understood even for lower momentum leptons.

The di↵erent sources of systematic uncertainty on R�1
� considered in the analysis are

summarised in Table 1. Sources of uncertainty on the e�ciencies, related to the finite size
of the simulation and variations of the data-simulation corrections, impact R�1

� at the
⇠ 1% level. Small variations of the decay model used in the simulation, accounting for
the time dependence of the signal decay rate, have a minimal impact on R�1

� . Variations
of the q2 resolution also impact the e�ciency calculation as simulated decays migrate into
and out of the q2 bins used in the analysis. A systematic uncertainty on the q2-resolution
correction is determined by evaluating separate correction factors from the B0

s ! J/ �
sample in bins of electron pT. Modifying the correction factors changes R�1

� by less than

5

Table 2: Values of R�1
� and dB(B0

s ! �e+e�)/dq2 in the low-, central- and high-q2 bins. The
first uncertainty is statistical and the second systematic. For the di↵erential branching fraction,
the third and the fourth uncertainty are due to the experimental uncertainty on the ratio
dB(B0

s ! �µ+µ�)/dq2/B(B0
s ! J/ �) [4] and on B(B0

s ! J/ �) [69, 78], respectively.

q2 [ GeV2/c4] R�1
� dB(B0

s ! �e+e�)/dq2 [10�7 GeV�2c4]

0.1 < q2 < 1.1 1.57 +0.28
�0.25 ± 0.05 1.38 +0.25

�0.22 ± 0.04 ± 0.19 ± 0.06
1.1 < q2 < 6.0 0.91 +0.20

�0.19 ± 0.05 0.26 ± 0.06 ± 0.01 ± 0.01 ± 0.01
15.0 < q2 < 19.0 0.85 +0.24

�0.23 ± 0.10 0.39 ± 0.11 ± 0.04 ± 0.02 ± 0.02
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Figure 2: Profile log-likelihood of R�1
� for the low-, central- and high-q2 bins, relative to the

best fit point. Systematic uncertainties are included by convolving the likelihood from the fit
with a Gaussian distribution of width equal to the systematic uncertainty. The vertical lines
indicate the 1 and 2� confidence intervals, respectively.

is [0.86, 2.18], in agreement at the level of 1.4� with a SM prediction of 1.016 computed
using Ref. [77]. Depending on the m(K+K�e+e�) mass range, the particle identification
criteria and BDT requirement, the minimum at R�1

� ⇠ 1.3 can be favoured. Table 2 also
presents the di↵erential branching fraction of the B0

s ! �e+e� decay, determined from
R�1

� , dB(B0
s ! �µ+µ�)/dq2/B(B0

s ! J/ �) [4] and B(B0
s ! J/ �) [69, 78]. The upper

value of the low-q2 range in Ref. [4] is extrapolated from 0.98GeV2/c4 to 1.1GeV2/c4 by
assuming that dB(B0

s ! �µ+µ�)/dq2 is uniform in q2. At 2�, dB(B0
s ! �e+e�)/dq2 in

the low-q2 region is in the range [0.65, 2.08] ⇥ 10�7 GeV�2c4. As implied by R�1
� , the

B0
s ! �e+e� branching fraction is consistent with that of the B0

s ! �µ+µ� decay and lies
below the central value of the SM prediction in the central- and high-q2 bins.

In summary, the first measurement of the ratio of B0
s ! �e+e� and B0

s ! �µ+µ�

branching fractions is presented. This represents the first test of lepton flavour universality
with B0

s ! �`+`� decays. It is also the most precise test of lepton flavour universality in
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ν −τ +D → B
ν −τ +*D → B

X cX +D → B
ν −τ/−µ **D → B

Comb + misID
ν −µ +D → B
ν −µ +*D → B

LFU tests
➡ Semileptonic tree level B ➝ D(*)+l-ν can be also used 

to test LFU 
❖ Usually testing τ vs. μ  
❖ Mass effects are significantly larger ⇒ expectation differs 

from 1 
➡ Agrees with SM
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D+ ➝ K-π+π+ 
τ-➝ μ-νμντ

the treatment of fake tracks in the misidentification sample. Alternative definitions for
fake tracks are explored and di↵erences in the shapes are included as template shape
variations in the fit. The treatment of the momentum smearing due to decays-in-flight of
the hadron is also varied and included as an additional shape variation. Disabling these
variations allows for a systematic to be determined based on the resulting uncertainties
in the fit. An uncertainty on the assumption of the background in the PID calibration
samples is determined by changing the procedure that accounts for the background in
those samples.

The finite size of the simulated samples results in statistical uncertainties for each
template. The e↵ect of these on the results is determined by bootstrapping the templates
and repeating the fit to the data. The variations of the central values are assigned as
systematic uncertainties.

The combinatorial background shape is obtained from the same-sign sample with a
multi-dimensional correction applied as a function of the visible mass and other kinematic
variables. A systematic uncertainty is obtained by removing this correction and repeating
the fit.

Potential di↵erences between the data and simulation are investigated by removing
the final simulation correction and repeating the fit.

The muon identification e�ciency has a strong dependence on the muon momentum,
which is di↵erent between the signal and normalisation modes. This e�ciency is determined
in bins of kinematic variables from a J/ ! µ+µ� control sample. A systematic uncertainty
is determined by increasing the number of bins by 20% and repeating the measurement.

Approximately 2% of the selected events contain multiple candidates, leading to a
systematic which is determined by randomly selecting one candidate in those events and
repeating the fit.

Finally, systematic uncertainties that were found to be negligible include the potential
contribution from B0

s ! D⇤⇤
s µ�⌫µ and ⇤0

b ! D+nµ�⌫µ decays, the determination of the
neutral isolation selection e�ciency, the assumptions behind the sPlot procedure and the
e↵ects of incomplete QED modelling in the simulation [57].

7 Results and conclusion

The ratios of the signal and normalisation yields are corrected for the relative e�ciencies
and the ⌧� ! µ�⌫µ⌫⌧ branching fraction [40]. This results in the following

R(D+) = 0.249± 0.043± 0.047,

R(D⇤+) = 0.402± 0.081± 0.085,

where the first uncertainties are statistical and the second systematic. The correlation
coe�cient between the two measurements is �0.39 . These results are 0.78 � from the
SM predictions and 1.09� from the world average [9]. These are the first measurements
of R(D+) and R(D⇤+) using the D+

! K�⇡+⇡+ decay mode at LHCb, the first analysis
which uses tracker-only simulation and the first measurement to use HAMMER during
the minimisation procedure of the likelihood fit. Assuming isospin symmetry between
the charged and neutral decays, a combination with other LHCb measurements [16,17]
results in R(D) = 0.335± 0.052 and R(D⇤) = 0.279± 0.019, with a correlation coe�cient
of �0.30. Contributions to the systematic uncertainties due to sources common across the
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Charm CPV
➡ Only place where we can study CPV with up-type quarks 
➡ Measurements involving mixing require huge statistics as oscillation is very 

slow 
➡ Measurement with doubly Cabibbo suppressed 

D0 ➝ K+π- decays 
from D*+ 

➡ Consistent with no CPV 
within uncertainty  
of 5.7×10-3 

➡ Large benefit from trigger 
innovation in Run 2

21
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Direct CPV in D+ ➝ K-K+π+

22

➡ Cabibbo suppressed D+ 
decays 

➡ Uses Ds+ ➝ K-K+π+ to 
subtract detector effects 

➡ Reached uncertainty of 
the order 10-3 

➡ Consistent with no CPV 
with p-value of 8.1%

To verify the method and mitigate experimenter’s bias, multiple tests were conducted
before examining the A i,S

raw values. Both signal and control samples were segmented by D+
(s)

momentum, pseudorapidity, and transverse momentum, confirming that �Ai
CP values were

statistically compatible among these segments. Simulations [36] of the D+ ! K�K+⇡+

and D+
s ! K�K+⇡+ decays, using a realistic resonant model with the same yields as

in data, are used to study the impact of known e↵ects, such as detection and tracking
e�ciency asymmetries [37] and PID e�ciency asymmetries extracted from calibration
samples [38], obtained as a function of the kaon and pion kinematics. The patterns of
asymmetries in simulated signal and control samples match those observed in the control
data. Additionally, various production-asymmetry models are tested, based on the results
obtained with data taken in 2011 and 2012 [39–41]. None of the models significantly
a↵ects the local raw asymmetry patterns across the Dalitz plot. The method’s validity is
further confirmed through 10,000 pseudoexperiments designed to simulate instrumental
asymmetries, with the resulting

PNbins
i (S i

�CP )
2 values fitting a �2 distribution with Nbins

degrees of freedom.
The signal and background raw charge asymmetries and yields are directly determined

for each Dalitz plot bin from simultaneous �2 fits to the binned K⌥K±⇡± invariant-mass
distributions of D+

(s) and D�
(s) candidates, independently for each data taking year and

magnet polarity. The raw asymmetries are then combined for the final results. The
signal and background shapes, as well as the procedure used to verify that the extracted
asymmetries are unbiased, are described in the Appendix.

The results for �Ai
CP are shown in detail in Table 1. Systematic uncertainties arise

from various sources and are evaluated by comparing results obtained with alternative
procedures to the nominal ones. The impact of remaining kinematic mismatches between
the control and signal samples is assessed by obtaining the D+

s asymmetries without
equalization weights. Di↵erent fit models for the signal and background mass shapes are
tested. Biases due to di↵erences in the instrumental asymmetries related to the di↵erent
D+ and D+

s lifetimes, flight distance distributions and contamination from b-hadron
decays, which cannot be disentangled, are determined by splitting the samples into two
ranges of D-meson flight distance significance and �2

IP and combining the resulting �Ai
CP

values. For most bins, this is the dominant systematic uncertainty (labelled as “sec.dec.”
in Table 1). The influence of di↵erent requirements in the trigger for the signal and control
channels is investigated by aligning the selection criteria. The precision in each bin is
limited by the statistical uncertainty. A graphical representation of the results is shown
in Fig. 4 of the Appendix.

The CP observables ACP |S for the �⇡+ and K⇤0K+ systems are given by

A�⇡+

CP |S = (0.95± 0.43± 0.26)⇥ 10�3,

AK⇤0K+

CP |S = (�0.26± 0.56± 0.18)⇥ 10�3,

where the first uncertainty is statistical and the second is systematic, evaluated using
the same procedure described for the �Ai

CP results. The uncertainties are also shown in
detail in Table 1.

Finally, the statistical significances S i
�CP

are shown across the Dalitz plot in Fig. 2.
The �2 of the search test is 31.8 for 22 degrees of freedom, resulting in a p-value of
8.1%, consistent with the hypothesis of no localized CP violation in the phase space of
the D+ ! K�K+⇡+ decay. Potential systematic biases in the search test results are

5
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Search for Λc+ ➝ pμ+μ-

➡ Rare FCNC decay, expected BF of order 10-8 

➡ New physics can significantly enhance it 
➡ Excess at high dimuon mass with 2.8σ significance 
➡ Overall rate to pμ+μ- dominated by decays through 

light resonances 
➡ Run 3 data should 

give evidence if  
excess is real
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the uncertainty related to the ⇤+
c ! p⇡+⇡� decay model is determined by applying

di↵erent corrections to the ⇤+
c ! p⇡+⇡� simulated sample and determining an alternative

invariant-mass shape. The bias due to maximum-likelihood fit is determined from the
same data model used for pseudodata generation and fitting. The signal yield di↵erence
between the generated value and the average of fitted values from the pseudoexperiments
is taken as a systematic uncertainty.

The systematic uncertainties associated with the ratio of branching fractions in the
resonant regions are determined in similar way as for the signal regions and are presented
in Table 3.

6 Results

6.1 Signal regions

No significant contribution of ⇤+
c ! pµ+µ� decays is observed in either of the two

signal regions. Upper limits on the branching fractions and their ratios are determined
using the CLs method implemented in the GammaCombo package [35]. The systematic
uncertainties are included in the determination of CLs. The following upper limit in the
signal region is determined to be

B(⇤+
c ! pµ+µ�)

B(⇤+
c ! p�)B(�! µ+µ�)

< 0.09 (0.10) at 90% (95%) CL.

Using the values of the branching fractions for ⇤+
c ! p� and �! µ+µ� decays from

Ref. [36] and including their uncertainties in the CLs determination, an upper limit on
the branching fraction is determined to be

B(⇤+
c ! pµ+µ�) < 2.9 (3.2)⇥ 10�8 at 90% (95%) CL.

The CLs as a function of branching fraction is shown in Fig. 3. The limits are determined
for low-m and high-m regions separately with the same assumptions as for the signal
region. The following upper limits are determined:

B(⇤+
c ! pµ+µ�)

B(⇤+
c ! p�)B(�! µ+µ�)

< 0.029 (0.034) at 90% (95%) CL (low-m),

B(⇤+
c ! pµ+µ�)

B(⇤+
c ! p�)B(�! µ+µ�)

< 0.094 (0.10) at 90% (95%) CL (high-m),

B(⇤+
c ! pµ+µ�) < 0.93 (1.1)⇥ 10�8 at 90% (95%) CL (low-m),

B(⇤+
c ! pµ+µ�) < 3.0 (3.3)⇥ 10�8 at 90% (95%) CL (high-m).

The upper limit placed using data from the high-m region is driven by the signal yield
whose significance is close to but lower than 3�, while in the low-m region the invariant-
mass distribution is fully compatible with no signal.

Assuming a decay model with final state particles equally distributed in the phase
space, the values of upper limits extrapolated from the signal region to the full phase
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Spin-parity of Ξc(3055)
➡ Amplitude analysis of b-hadrons is powerful tool to study c-hadrons 
➡ Analysis of Ξb ➝ Ξcπ± with Ξc ➝ DΛ 
➡ Clear contributions from Ξc(3055) with hint of Ξc(3080) and non-resonant 
➡ Significance of 4.4σ for Ξc+(3080) and 3.6σ for Ξc0(3080)
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Spin-parity of Ξc(3055)
➡ Use likelihood ratio test to determine spin and parity 
➡ Best hypothesis is 3/2+ 
❖ 6.5σ for Ξc+(3055), second best is 5/2- 
❖ 3.5σ for Ξc0(3055) with second best hypothesis 3/2-
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Open charm Tcs0*(2870)0
➡ Charm tetra-quark states seen previously in B- ➝ D-D+K- 

decays 
➡ Search for same states in B- ➝ D-D0KS decays 
➡ Observation of Tcs0*(2870)0 with 5.3σ significance
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state, T ⇤0
cs0, is observed in the D0K0

S final state for the first time, with a significance of
5.3 �. The mass and width of this state, and the fit fraction in the B�! D�D0K0

S decay
are measured to be

M(T ⇤0
cs0) = 2883± 11± 7MeV/c2,

�(T ⇤0
cs0) = 87+22

�47 ± 6MeV,

FF(T ⇤0
cs0 ! D0K0

S) = (2.6± 1.2± 0.2)%,

where the first uncertainties are statistical and the second systematic. The mass, width,
spin-parity and flavor content are all consistent with those of the T ⇤

cs0(2870)
0 state

observed in the D+K� invariant-mass spectrum of the B� ! D�D+K� decay [16]. No
significant T ⇤0

cs states with JP = 1� or charmonium-like tetraquarks are observed in
the B�! D�D0K0

S decay. With masses and widths constrained to known values, the
T ⇤
cs0(2870)

0 state is observed with a significance of 6.4 � in the B�! D�D0K0
S decay,

while the T ⇤
cs1(2900)

0 state alone has a marginal significance of 1.8 �. Assuming T ⇤
cs0(2870)

0

and T ⇤
cs1(2900)

0 states to be genuine hadrons, a violation of isospin invariance between
the T ⇤

cs1(2900)
0 ! D0K0 and the T ⇤

cs1(2900)
0 ! D+K� decay rates is indicated. On the

other hand, the relative rate between the T ⇤
cs0(2870)

0 ! D0K0 and T ⇤
cs0(2870)

0 ! D+K�

decays is consistent with an isospin invariance at current experimental precision. The
study in this analysis helps to shed light on the nature of the T ⇤0

cs0,1 states, in particular
on the resonance or kinematic singularity interpretations.
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J/ψφ in diffractive processes
➡ Study of exclusive production of exotic 

hadrons can help to understand their 
nature 

➡ Events with very low activity (<20 SPD 
hits and <8 tracks) 

➡ Study J/ψφ invariant mass spectrum 
➡ Dominated by resonances, some 

previously seen only in B decays 
➡ Cross-section for several of them 

measured

27

4000 4500 5000 5500 6000
 [MeV]φψJ/M

0

10

20

30

40

50

60

70

80

Ev
en

ts
 / 

( 2
5 

M
eV

 )

Data
Total fit

(4140)
c1
χ

(4274)
c1
χ

(4500)
c0
χ

(4700)
c0
χ(4685) + 

c1
χ

NR

LHCb
-15 fb

Parameter [MeV] Current analysis Ref. [13]
M�c1(4274) 4298±6±9 4294± 4+3

�6

��c1(4274) 92+22
�18 ±57 53± 5± 5

M�c0(4500) 4512.5+6.0
�6.2 ±3.0 4474± 3± 3

��c0(4500) 65+20
�16 ±32 77± 6+10

�8

arXiv:2407.14301

http://arxiv.org/abs/arXiv:2407.14301


ψ(2S) produced in jets
➡ Quarkonia production not well understood with some 

discrepancies between theory and experiment 
❖ NRQCD predicts large polarisation at high pT which is not 

observed 
❖ Prediction is mostly isolated production, but measurement 

with J/ψ produced in jets 
➡ Measure also ψ(2S), which is less affected by feed 

down from higher resonances 
➡ Reasonable agreement for those from B decays 
➡ Significant differences for prompt component

28
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Measurement of sin2θleff
➡ Related to sin2θW, fundamental parameter of 

the SM 
➡ Measured from forward-backward 

asymmetry in Z ➝ μ+μ- decays 
➡ Use Powheg-box 

to extract sin2θleff  
from AFB

29
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are then used to recast the Powheg-plain predictions to alternative parton distributions
functions [41]. In this analysis predictions at NLO accuracy using the CT18 [42] and
MSHT [43] descriptions of the proton internal structure are also considered and treated
equally to those from NNPDF3.1. These three descriptions all use broadly comparable
global datasets and do not include the LHCb data studied here in their global fits. Other
descriptions of the proton are also considered (NNPDF 4.0 [44], CT18Z [42]).

In addition, events are generated using the Powheg-plain configuration with variations
in the QCD modelling. Events are generated with the factorisation and renormalisation
scales varied by a factor of two around their baseline values in line with the seven-point
variation approach [45], in order to assess the impact of missing higher-order e↵ects
on the theoretical predictions. Events are also generated with two values of the strong
coupling ↵s, 0.118 (the baseline) and 0.125. While this is a large variation with respect to
the uncertainty on the world average value, this shift was observed to best describe the
vector-boson pT distribution in the LHCb measurement of the W -boson mass [29], and is
again considered as a variation that mimics the e↵ects of higher-order contributions in
the predictions.

In order to determine the values of the weak mixing angle that best describe the data,
predictions of AFB are made using events generated with di↵erent values of the weak
mixing angle. Predictions for AFB at intermediate values are then found by interpolating
between the generated base predictions. As a cross-check, the e↵ect of including additional
base predictions is also studied.

The analysis proceeds through a �2 comparison of the measured AFB distribution to
the theoretical predictions with di↵erent values of sin2 ✓`e↵ , where the minimum of the �2

comparison is used to determine the value of sin2 ✓`e↵ , and the width of the �2 parabola is
used to determine the uncertainty. Figure 4 shows the measured AFB values compared to
the predictions with two di↵erent sin2 ✓`e↵ values and the baseline-fit result. The best fit
point has a �2 of 8.1 for nine degrees of freedom (ndof), and results in

sin2 ✓`e↵ = 0.23148± 0.00044± 0.00005,

where the first uncertainty is statistical and the second results from propagating the
systematic uncertainties on the AFB measurement.

Table 2: Correlation coe�cients for the experimental systematic uncertainties on the AFB

measurement in ten intervals of |�⌘|, with the interval numbers indicated as defined in Table 1.

0 1 2 3 4 5 6 7 8 9
0 +1.00 �0.57 �0.66 �0.62 �0.16 �0.66 �0.83 �0.90 +0.31 +0.76
1 �0.57 +1.00 +0.92 +0.63 �0.09 +0.91 +0.45 +0.33 �0.68 �0.50
2 �0.66 +0.92 +1.00 +0.44 +0.22 +0.77 +0.41 +0.37 �0.82 �0.40
3 �0.62 +0.63 +0.44 +1.00 �0.62 +0.86 +0.60 +0.59 �0.15 �0.89
4 �0.16 �0.09 +0.22 �0.62 +1.00 �0.33 +0.08 +0.12 �0.18 +0.47
5 �0.66 +0.91 +0.77 +0.86 �0.33 +1.00 +0.63 +0.52 �0.47 �0.74
6 �0.83 +0.45 +0.41 +0.60 +0.08 +0.63 +1.00 +0.93 +0.11 �0.67
7 �0.90 +0.33 +0.37 +0.59 +0.12 +0.52 +0.93 +1.00 +0.07 �0.70
8 +0.31 �0.68 �0.82 �0.15 �0.18 �0.47 +0.11 +0.07 +1.00 +0.13
9 +0.76 �0.50 �0.40 �0.89 +0.47 �0.74 �0.67 �0.70 +0.13 +1.00
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ψ(2S) to J/ψ ratio in PbPb
➡ In QGP charmonia can become unbound under the 

effect of colour screening 
➡ Effect depends on the binding energy ➝ ratio of 

states with different binding energy should change 
with centrality 

➡ Data consistent with no  
dependence 

➡ In Run 3, expect to push to 
higher centrality and  
better statistics

30
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φ production in pNe
➡ φ meson is good probe of QGP 
❖ In ordinary matter production OZI suppressed 
❖ In QGP can be produced by coalescence of strange 

quarks and bypass OZI suppression 
➡ Study in systems of different sizes in attempt to 

disentangle  QGP from cold nuclear matter 
effects 

➡ Unique opportunity thanks to detector geometry 
which allows also fixed target mode 

➡ Do not expect QGP 
➡ Models underestimate production

31
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Λ polarisation in pNe
➡ First observed in pBe fixed target in 1976 
➡ Purely understood with no fully satisfactory 

description 
❖ Based on polarising fragmentation function 

➡ Fixed target capability can add information in purely 
covered region 

➡ Measurement agrees with previous results 
➡ Integrated result

32
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Table 1: Contributions of systematic uncertainties on the polarization measurement for ⇤ and ⇤
hyperons.

Source ⇤ ⇤
Signal estimation 0.007 0.001
Background estimation 0.001 0.010
Kinematic weights 0.001 0.001
Multiplicity dependence 0.001 0.004
Binning of cos ✓ distributions 0.007 0.006
PID e�ciencies 0.002 0.005
Nonprompt contamination 0.005 0.002

deviations of these results with respect to those of the default fit. Uncertainties related
to the weighting procedure applied to the simulation are taken into consideration by
carrying out 100 trials, randomly varying each weight within its uncertainty, calculating
new values for the polarization, and taking as systematic uncertainty the largest di↵erence
in the polarization values compared to the default one. The choice of the variables used
to weight the simulation is also considered; the uncertainty is calculated as the di↵erence
between the results obtained by using the track multiplicity and those obtained using the
⇤ pseudorapidity in the calculation of the weights. The choice of binning for the angular
distributions a↵ects the fit results. This is taken into account by repeating the polarization
measurements using 5 bins instead of 10 in the angular distribution. Another contribution
is associated with the estimation of PID e�ciencies. An alternative approach is used, where
the particle identification e�ciencies are directly estimated from the simulation rather
than using dedicated calibration samples. Another systematic uncertainty contribution
arises from nonprompt ⇤ hyperon contamination in the data sample, which is estimated
from simulation to account for 5% of the total yield. To estimate an upper limit on the
nonprompt contamination, the impact parameter requirement (which retains approximately
50% of the nonprompt signal) is removed, the measurement is repeated and the di↵erence
with the baseline value is taken as systematic uncertainty. The systematic uncertainty due
to the external parameter ↵ is found to be negligible. The total systematic uncertainty
is computed as the sum in quadrature of each contribution shown in Table 1. The
systematic contributions are found to be small and the measurement is dominated by
statistical uncertainties. The statistical e↵ect on each systematic contribution is not
negligible as reflected in the di↵erences between ⇤ and ⇤ hyperons. The final polarization
measurements are

P⇤ = 0.029± 0.019 (stat)± 0.012 (syst) ,

P⇤ = 0.003± 0.023 (stat)± 0.014 (syst) .

The polarization measurements have also been performed in bins of pT, ⌘, y and xF.
The results are shown in Fig. 4 and listed in Table 2. Other experiments with di↵erent
energies and collision systems have measured the ⇤ polarization. In its fixed-target
configuration, the LHCb experiment covers an energy and kinematic range that is largely
unexplored. Figure 5 compares and shows the agreement between the results of this paper
with measurements from other experiments, including ATLAS [22], an experiment at the
M2 beam-line at Fermilab [23], the E799 experiment [24], NA48 [25], and HERA-B [26].
The measurements reported here, and those from HERA-B, cover negative values of
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Run 3 prospects
➡ Collected almost 10 fb-1 this year 
➡ Well on track for over 20 fb-1 of data in Run 3 and 

at least 50 fb-1 by the end of Run 4 
➡ Removed HW trigger, which increases efficiency for 

many channels 
➡ Benefit from lessons learned from charm in  

Run 2 and use reconstruction from HLT2 for 
analysis 

❖ Get around bandwidth to some level
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Run 3 prospects
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Future upgrades
➡ Work ongoing on next upgrade during LS4 
➡ Aim to increase statistics by another factor 

of 5-6 with target luminosity of 300 fb-1 
➡ Ultimate quark flavour physics experiment 
➡ See presentation by Lennart Uecker
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Upgrade 2

Goal: increase of luminosity by factor 7.5;
aim for 300 fb-1 after Run 6

• Will reach unprecedented precision

Detector environment will be challenging:

• Pile-up ~40 interactions

• 200 Tb/s of produced data

Detector upgrades: performance
in harsher environment

• Better granularity

• Fast timing (~10 ps) 

• Radiation hardness
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Summary
➡ LHCb is specialised experiment with wide physics program 
➡ With data taken between 2011—2018 we made tremendous progress on 

quark flavour physics 
➡ Over the years we enlarged our physics programs finding unique 

possibilities thanks to forward geometry and flexible trigger 
➡ So far in Run 3 we doubled our dataset — working hard on analysing new 

data and expect new results soon 
➡ Expect at least 5 times larger dataset by the end of Run 4
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