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 Primary vertex, IP [≈ 200µm] and τ resolution [≈ 45 fs]

 Momentum resolution [≈ 0.5 %]

 Particle ID/misID, [e.g. ϵ(K) ≈ 95%]
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Figure 28: Measured values of LU observables in B+
! K+`+`� and B0

! K⇤0`+`� decays and
their overall compatibility with the SM.

treatment of misidentified hadronic backgrounds in the electron mode are also evaluated
using pseudoexperiments. The biggest shift (0.064) is found to be due to the more stringent
PID, which enhances signal purity by the removal of contributions from processes that
were not previously modeled. Residual misidentified backgrounds are modeled in the
fit, resulting in a further shift (0.038) compared to the previous analysis. These shifts
add linearly. The systematic shift due to misidentified backgrounds to electrons, and
the uncertainties assigned to the results presented here, are greater than the systematic
uncertainties in the earlier publication of RK . The assigned systematic uncertainties on
the new measurements presented in this paper are smaller than in previous papers, except
for RK (central-q2) where the new result has a smaller overall relative uncertainty despite
an increase in the systematic uncertainty from that of Ref. [24]. In all cases, the statistical
uncertainties remain significantly larger than the systematic uncertainties and therefore
additional data will continue to challenge the Standard Model.

57

LHCb PHYSICS PROGRAMME

5000 5200 5400 5600
]2c) [MeV/+π

0D(m

0
50

100
150
200
250
300
350
400
450
500)2 c

C
an

di
da

te
s /

 (1
0 

M
eV

/

Data
Fit
Signal
Partial
Combinatorial

+K
0

D→+B

LHCb
 = 8.16 TeVNNs

Pbp

]c [GeV/B
T

p
0 10 20 30 40

df/
 sf

0.24

0.26

0.28

0.3

 

) σ1± LHCb average (
 Distribution mean 

B
T

p • ke  ∝ ) B
T

p (f 

LHCb

 

z
2−10 1−10

zddN  
+j

et
Z

N
1

1−10

1

10

210

310  < 30 GeVjet
T
p20 < 

 < 50 GeVjet
T
p30 < 

 < 100 GeVjet
T
p50 < 

LHCb
 = 8 TeVs

CKM and CP violation 
with b and c hadron

Rare decays of b and c hadrons

Conventional and exotic 
spectroscopy

Electroweak and QCD in 
the forward region

Heavy quark production

Ion physics and fixed target



How to choose a subset of results? 

LHCb PHYSICS PROGRAMME

2010
2011

2012
2013

2014
2015

2018
2019

2020
2021

2022
2023

2017
2016

Date



How to choose a subset of results? 

CP violation

LFU

Spectroscopy (exotics)
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Search for CP in D+(s) → K−K+K+

LHCb HIGHLIGHTS

CKM and CP violation 
with b and c hadron

Lison Bernet

[@lisbouche - Rencontres de Moriond]

[arXiv:2303.04062, Submitted to JHEP]

Search for CP in                       

[LHCb-PAPER-2023-001, In preparation]
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QUARK-MIXING MATRIX [CKM]:

9

CP violation in the SM

hereafter referred to as the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The com-

plex phases in the Yukawa couplings are absorbed in the CKM matrix, which is

responsible for all CP violation e↵ects in the SM.

2.3 The CKM matrix

Historically, the first approach to describe mixing between quark families has been

suggested to allow the universality of weak interactions [23]. A simplified quark

model was initially proposed by Gell-Mann and Zweig, and subsequently charm

quarks were introduced through the formalism of the GIM mechanism [24]. How-

ever, the evidence of CP violation in the neutral kaon sector indicates the presence

of a complex phase in the mixing matrix, which is not possible in a 2 ⇥ 2 matrix.

Therefore, Kobayashi and Maskawa generalised the Cabibbo matrix to three gener-

ations of quarks, in which case a single arbitrary complex phase exists [25]. This

quark-mixing matrix is schematically depicted as

VCKM =

0

B@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

CA , (2.7)

where the magnitude squared of each element gives the transition probability be-

tween quarks with corresponding indices, and represents the already mentioned

relation between the mass eigenstates and the eigenstates of charged weak current

interactions.

A generic complex N ⇥N matrix, such as the CKM matrix, is parametrised

by 2N
2 independent parameters. The unitarity condition

P
N

j
VijV

⇤
kj

= �ik imposes

N
2 constraints on the degrees of freedom. Furthermore, the relative phases between

quarks are irrelevant, and can be absorbed into phase redefinitions, reducing another

2N�1 parameters. The total number of irreducible degrees of freedom of this matrix

is given by (N�1)2, and is related to rotational elements and complex phases. A non

rigorous interpretation of these numbers is provided by analysing a same dimensional

real-valued matrix. In this case, orthogonality implies that only 1
2N(N � 1) degrees

of freedom are independent. Extrapolating this to the complex case it is possible to

conclude that there are 1
2(N � 1)(N � 2) possible complex phases. Hence, the CKM

matrix is defined by three real parameters related to rotations (Euler angles) and a

single complex phase responsible for CP violation.

The most standard parametrisation of the flavour mixing matrix is obtained

8
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Hierarchy in quark mixing

Very suggestive pattern

No known underlying reason

Situation for leptons (νs) is 
completely different
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<latexit sha1_base64="GcpwRO0jgHL0IWUBHqkBiZTlKXY=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU9hETXMsePFYwdZCGspmu2mX7iZxdyOU0D/hxYMiXv073vw3btoKKvpg4PHeDDPzoowzpRH6sCorq2vrG9XN2tb2zu5eff+gq9JcEtohKU9lL8KKcpbQjmaa014mKRYRp7fR5LL0b++pVCxNbvQ0o6HAo4TFjGBtpF7QH2EhcDioN5Dte57XdCGy0VnTsJJcuK7vQ8dGczTAEu1B/b0/TEkuaKIJx0oFDsp0WGCpGeF0VuvnimaYTPCIBoYmWFAVFvN7Z/DEKEMYp9JUouFc/T5RYKHUVESmU2A9Vr+9UvzLC3Id+2HBkizXNCGLRXHOoU5h+TwcMkmJ5lNDMJHM3ArJGEtMtImoZkL4+hT+T7qu7SDbuT5vtLxlHFVwBI7BKXBAE7TAFWiDDiCAgwfwBJ6tO+vRerFeF60VazlzCH7AevsEag+QLg==</latexit><latexit sha1_base64="GcpwRO0jgHL0IWUBHqkBiZTlKXY=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU9hETXMsePFYwdZCGspmu2mX7iZxdyOU0D/hxYMiXv073vw3btoKKvpg4PHeDDPzoowzpRH6sCorq2vrG9XN2tb2zu5eff+gq9JcEtohKU9lL8KKcpbQjmaa014mKRYRp7fR5LL0b++pVCxNbvQ0o6HAo4TFjGBtpF7QH2EhcDioN5Dte57XdCGy0VnTsJJcuK7vQ8dGczTAEu1B/b0/TEkuaKIJx0oFDsp0WGCpGeF0VuvnimaYTPCIBoYmWFAVFvN7Z/DEKEMYp9JUouFc/T5RYKHUVESmU2A9Vr+9UvzLC3Id+2HBkizXNCGLRXHOoU5h+TwcMkmJ5lNDMJHM3ArJGEtMtImoZkL4+hT+T7qu7SDbuT5vtLxlHFVwBI7BKXBAE7TAFWiDDiCAgwfwBJ6tO+vRerFeF60VazlzCH7AevsEag+QLg==</latexit><latexit sha1_base64="GcpwRO0jgHL0IWUBHqkBiZTlKXY=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU9hETXMsePFYwdZCGspmu2mX7iZxdyOU0D/hxYMiXv073vw3btoKKvpg4PHeDDPzoowzpRH6sCorq2vrG9XN2tb2zu5eff+gq9JcEtohKU9lL8KKcpbQjmaa014mKRYRp7fR5LL0b++pVCxNbvQ0o6HAo4TFjGBtpF7QH2EhcDioN5Dte57XdCGy0VnTsJJcuK7vQ8dGczTAEu1B/b0/TEkuaKIJx0oFDsp0WGCpGeF0VuvnimaYTPCIBoYmWFAVFvN7Z/DEKEMYp9JUouFc/T5RYKHUVESmU2A9Vr+9UvzLC3Id+2HBkizXNCGLRXHOoU5h+TwcMkmJ5lNDMJHM3ArJGEtMtImoZkL4+hT+T7qu7SDbuT5vtLxlHFVwBI7BKXBAE7TAFWiDDiCAgwfwBJ6tO+vRerFeF60VazlzCH7AevsEag+QLg==</latexit><latexit sha1_base64="GcpwRO0jgHL0IWUBHqkBiZTlKXY=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU9hETXMsePFYwdZCGspmu2mX7iZxdyOU0D/hxYMiXv073vw3btoKKvpg4PHeDDPzoowzpRH6sCorq2vrG9XN2tb2zu5eff+gq9JcEtohKU9lL8KKcpbQjmaa014mKRYRp7fR5LL0b++pVCxNbvQ0o6HAo4TFjGBtpF7QH2EhcDioN5Dte57XdCGy0VnTsJJcuK7vQ8dGczTAEu1B/b0/TEkuaKIJx0oFDsp0WGCpGeF0VuvnimaYTPCIBoYmWFAVFvN7Z/DEKEMYp9JUouFc/T5RYKHUVESmU2A9Vr+9UvzLC3Id+2HBkizXNCGLRXHOoU5h+TwcMkmJ5lNDMJHM3ArJGEtMtImoZkL4+hT+T7qu7SDbuT5vtLxlHFVwBI7BKXBAE7TAFWiDDiCAgwfwBJ6tO+vRerFeF60VazlzCH7AevsEag+QLg==</latexit>

[�]
<latexit sha1_base64="uuziItiXW09ijbkqkyuB5Naqtkw=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSZR0ywLblxWsA9IQ5lMJ+3QySTMTIQS+hFuXCji1u9x5984aSuo6IELh3Pu5d57oowzpRH6sCpr6xubW9Xt2s7u3v5B/fCoq9JcEtohKU9lP8KKciZoRzPNaT+TFCcRp71oel36vXsqFUvFnZ5lNEzwWLCYEayN1AsGEdU4HNYbyPY9z2u6ENnoomlYSa5c1/ehY6MFGmCF9rD+PhilJE+o0IRjpQIHZTossNSMcDqvDXJFM0ymeEwDQwVOqAqLxblzeGaUEYxTaUpouFC/TxQ4UWqWRKYzwXqifnul+JcX5Dr2w4KJLNdUkOWiOOdQp7D8HY6YpETzmSGYSGZuhWSCJSbaJFQzIXx9Cv8nXdd2kO3cXjZa3iqOKjgBp+AcOKAJWuAGtEEHEDAFD+AJPFuZ9Wi9WK/L1oq1mjkGP2C9fQKmNI+9</latexit><latexit sha1_base64="uuziItiXW09ijbkqkyuB5Naqtkw=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSZR0ywLblxWsA9IQ5lMJ+3QySTMTIQS+hFuXCji1u9x5984aSuo6IELh3Pu5d57oowzpRH6sCpr6xubW9Xt2s7u3v5B/fCoq9JcEtohKU9lP8KKciZoRzPNaT+TFCcRp71oel36vXsqFUvFnZ5lNEzwWLCYEayN1AsGEdU4HNYbyPY9z2u6ENnoomlYSa5c1/ehY6MFGmCF9rD+PhilJE+o0IRjpQIHZTossNSMcDqvDXJFM0ymeEwDQwVOqAqLxblzeGaUEYxTaUpouFC/TxQ4UWqWRKYzwXqifnul+JcX5Dr2w4KJLNdUkOWiOOdQp7D8HY6YpETzmSGYSGZuhWSCJSbaJFQzIXx9Cv8nXdd2kO3cXjZa3iqOKjgBp+AcOKAJWuAGtEEHEDAFD+AJPFuZ9Wi9WK/L1oq1mjkGP2C9fQKmNI+9</latexit><latexit sha1_base64="uuziItiXW09ijbkqkyuB5Naqtkw=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSZR0ywLblxWsA9IQ5lMJ+3QySTMTIQS+hFuXCji1u9x5984aSuo6IELh3Pu5d57oowzpRH6sCpr6xubW9Xt2s7u3v5B/fCoq9JcEtohKU9lP8KKciZoRzPNaT+TFCcRp71oel36vXsqFUvFnZ5lNEzwWLCYEayN1AsGEdU4HNYbyPY9z2u6ENnoomlYSa5c1/ehY6MFGmCF9rD+PhilJE+o0IRjpQIHZTossNSMcDqvDXJFM0ymeEwDQwVOqAqLxblzeGaUEYxTaUpouFC/TxQ4UWqWRKYzwXqifnul+JcX5Dr2w4KJLNdUkOWiOOdQp7D8HY6YpETzmSGYSGZuhWSCJSbaJFQzIXx9Cv8nXdd2kO3cXjZa3iqOKjgBp+AcOKAJWuAGtEEHEDAFD+AJPFuZ9Wi9WK/L1oq1mjkGP2C9fQKmNI+9</latexit><latexit sha1_base64="uuziItiXW09ijbkqkyuB5Naqtkw=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSZR0ywLblxWsA9IQ5lMJ+3QySTMTIQS+hFuXCji1u9x5984aSuo6IELh3Pu5d57oowzpRH6sCpr6xubW9Xt2s7u3v5B/fCoq9JcEtohKU9lP8KKciZoRzPNaT+TFCcRp71oel36vXsqFUvFnZ5lNEzwWLCYEayN1AsGEdU4HNYbyPY9z2u6ENnoomlYSa5c1/ehY6MFGmCF9rD+PhilJE+o0IRjpQIHZTossNSMcDqvDXJFM0ymeEwDQwVOqAqLxblzeGaUEYxTaUpouFC/TxQ4UWqWRKYzwXqifnul+JcX5Dr2w4KJLNdUkOWiOOdQp7D8HY6YpETzmSGYSGZuhWSCJSbaJFQzIXx9Cv8nXdd2kO3cXjZa3iqOKjgBp+AcOKAJWuAGtEEHEDAFD+AJPFuZ9Wi9WK/L1oq1mjkGP2C9fQKmNI+9</latexit>

[�c]
<latexit sha1_base64="eeuUUaL5QLNbrIAubelCriBQRrI=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZKoaZYFNy4r2AekoUymk3bo5MHMjVBCP8ONC0Xc+jXu/BsnbQUVPXDhcM693HtPmAmuwLI+jMra+sbmVnW7trO7t39QPzzqqjSXlHVoKlLZD4ligiesAxwE62eSkTgUrBdOr0u/d8+k4mlyB7OMBTEZJzzilICWfH8QMiDDgs6DYb1hmZ7ruk0HW6Z10dSsJFeO43nYNq0FGmiF9rD+PhilNI9ZAlQQpXzbyiAoiAROBZvXBrliGaFTMma+pgmJmQqKxclzfKaVEY5SqSsBvFC/TxQkVmoWh7ozJjBRv71S/Mvzc4i8oOBJlgNL6HJRlAsMKS7/xyMuGQUx04RQyfWtmE6IJBR0SjUdwten+H/SdUzbMu3by0bLXcVRRSfoFJ0jGzVRC92gNuogilL0gJ7QswHGo/FivC5bK8Zq5hj9gPH2CeWRkZ8=</latexit><latexit sha1_base64="eeuUUaL5QLNbrIAubelCriBQRrI=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZKoaZYFNy4r2AekoUymk3bo5MHMjVBCP8ONC0Xc+jXu/BsnbQUVPXDhcM693HtPmAmuwLI+jMra+sbmVnW7trO7t39QPzzqqjSXlHVoKlLZD4ligiesAxwE62eSkTgUrBdOr0u/d8+k4mlyB7OMBTEZJzzilICWfH8QMiDDgs6DYb1hmZ7ruk0HW6Z10dSsJFeO43nYNq0FGmiF9rD+PhilNI9ZAlQQpXzbyiAoiAROBZvXBrliGaFTMma+pgmJmQqKxclzfKaVEY5SqSsBvFC/TxQkVmoWh7ozJjBRv71S/Mvzc4i8oOBJlgNL6HJRlAsMKS7/xyMuGQUx04RQyfWtmE6IJBR0SjUdwten+H/SdUzbMu3by0bLXcVRRSfoFJ0jGzVRC92gNuogilL0gJ7QswHGo/FivC5bK8Zq5hj9gPH2CeWRkZ8=</latexit><latexit sha1_base64="eeuUUaL5QLNbrIAubelCriBQRrI=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZKoaZYFNy4r2AekoUymk3bo5MHMjVBCP8ONC0Xc+jXu/BsnbQUVPXDhcM693HtPmAmuwLI+jMra+sbmVnW7trO7t39QPzzqqjSXlHVoKlLZD4ligiesAxwE62eSkTgUrBdOr0u/d8+k4mlyB7OMBTEZJzzilICWfH8QMiDDgs6DYb1hmZ7ruk0HW6Z10dSsJFeO43nYNq0FGmiF9rD+PhilNI9ZAlQQpXzbyiAoiAROBZvXBrliGaFTMma+pgmJmQqKxclzfKaVEY5SqSsBvFC/TxQkVmoWh7ozJjBRv71S/Mvzc4i8oOBJlgNL6HJRlAsMKS7/xyMuGQUx04RQyfWtmE6IJBR0SjUdwten+H/SdUzbMu3by0bLXcVRRSfoFJ0jGzVRC92gNuogilL0gJ7QswHGo/FivC5bK8Zq5hj9gPH2CeWRkZ8=</latexit><latexit sha1_base64="eeuUUaL5QLNbrIAubelCriBQRrI=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZKoaZYFNy4r2AekoUymk3bo5MHMjVBCP8ONC0Xc+jXu/BsnbQUVPXDhcM693HtPmAmuwLI+jMra+sbmVnW7trO7t39QPzzqqjSXlHVoKlLZD4ligiesAxwE62eSkTgUrBdOr0u/d8+k4mlyB7OMBTEZJzzilICWfH8QMiDDgs6DYb1hmZ7ruk0HW6Z10dSsJFeO43nYNq0FGmiF9rD+PhilNI9ZAlQQpXzbyiAoiAROBZvXBrliGaFTMma+pgmJmQqKxclzfKaVEY5SqSsBvFC/TxQkVmoWh7ozJjBRv71S/Mvzc4i8oOBJlgNL6HJRlAsMKS7/xyMuGQUx04RQyfWtmE6IJBR0SjUdwten+H/SdUzbMu3by0bLXcVRRSfoFJ0jGzVRC92gNuogilL0gJ7QswHGo/FivC5bK8Zq5hj9gPH2CeWRkZ8=</latexit>

[�s]
<latexit sha1_base64="nkJ/Xgzr3AtXmgZAOZEg2D3SHPk=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZKoaZYFNy4r2AekoUymk3bo5MHMjVBCP8ONC0Xc+jXu/BsnbQUVPXDhcM693HtPmAmuwLI+jMra+sbmVnW7trO7t39QPzzqqjSXlHVoKlLZD4ligiesAxwE62eSkTgUrBdOr0u/d8+k4mlyB7OMBTEZJzzilICWfH8QMiDDQs2DYb1hmZ7ruk0HW6Z10dSsJFeO43nYNq0FGmiF9rD+PhilNI9ZAlQQpXzbyiAoiAROBZvXBrliGaFTMma+pgmJmQqKxclzfKaVEY5SqSsBvFC/TxQkVmoWh7ozJjBRv71S/Mvzc4i8oOBJlgNL6HJRlAsMKS7/xyMuGQUx04RQyfWtmE6IJBR0SjUdwten+H/SdUzbMu3by0bLXcVRRSfoFJ0jGzVRC92gNuogilL0gJ7QswHGo/FivC5bK8Zq5hj9gPH2Cf3xka8=</latexit><latexit sha1_base64="nkJ/Xgzr3AtXmgZAOZEg2D3SHPk=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZKoaZYFNy4r2AekoUymk3bo5MHMjVBCP8ONC0Xc+jXu/BsnbQUVPXDhcM693HtPmAmuwLI+jMra+sbmVnW7trO7t39QPzzqqjSXlHVoKlLZD4ligiesAxwE62eSkTgUrBdOr0u/d8+k4mlyB7OMBTEZJzzilICWfH8QMiDDQs2DYb1hmZ7ruk0HW6Z10dSsJFeO43nYNq0FGmiF9rD+PhilNI9ZAlQQpXzbyiAoiAROBZvXBrliGaFTMma+pgmJmQqKxclzfKaVEY5SqSsBvFC/TxQkVmoWh7ozJjBRv71S/Mvzc4i8oOBJlgNL6HJRlAsMKS7/xyMuGQUx04RQyfWtmE6IJBR0SjUdwten+H/SdUzbMu3by0bLXcVRRSfoFJ0jGzVRC92gNuogilL0gJ7QswHGo/FivC5bK8Zq5hj9gPH2Cf3xka8=</latexit><latexit sha1_base64="nkJ/Xgzr3AtXmgZAOZEg2D3SHPk=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZKoaZYFNy4r2AekoUymk3bo5MHMjVBCP8ONC0Xc+jXu/BsnbQUVPXDhcM693HtPmAmuwLI+jMra+sbmVnW7trO7t39QPzzqqjSXlHVoKlLZD4ligiesAxwE62eSkTgUrBdOr0u/d8+k4mlyB7OMBTEZJzzilICWfH8QMiDDQs2DYb1hmZ7ruk0HW6Z10dSsJFeO43nYNq0FGmiF9rD+PhilNI9ZAlQQpXzbyiAoiAROBZvXBrliGaFTMma+pgmJmQqKxclzfKaVEY5SqSsBvFC/TxQkVmoWh7ozJjBRv71S/Mvzc4i8oOBJlgNL6HJRlAsMKS7/xyMuGQUx04RQyfWtmE6IJBR0SjUdwten+H/SdUzbMu3by0bLXcVRRSfoFJ0jGzVRC92gNuogilL0gJ7QswHGo/FivC5bK8Zq5hj9gPH2Cf3xka8=</latexit><latexit sha1_base64="nkJ/Xgzr3AtXmgZAOZEg2D3SHPk=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZKoaZYFNy4r2AekoUymk3bo5MHMjVBCP8ONC0Xc+jXu/BsnbQUVPXDhcM693HtPmAmuwLI+jMra+sbmVnW7trO7t39QPzzqqjSXlHVoKlLZD4ligiesAxwE62eSkTgUrBdOr0u/d8+k4mlyB7OMBTEZJzzilICWfH8QMiDDQs2DYb1hmZ7ruk0HW6Z10dSsJFeO43nYNq0FGmiF9rD+PhilNI9ZAlQQpXzbyiAoiAROBZvXBrliGaFTMma+pgmJmQqKxclzfKaVEY5SqSsBvFC/TxQkVmoWh7ozJjBRv71S/Mvzc4i8oOBJlgNL6HJRlAsMKS7/xyMuGQUx04RQyfWtmE6IJBR0SjUdwten+H/SdUzbMu3by0bLXcVRRSfoFJ0jGzVRC92gNuogilL0gJ7QswHGo/FivC5bK8Zq5hj9gPH2Cf3xka8=</latexit>

DESCRIBED BY 4 INDEPENDENT PARAMETERS, IN PARTICULAR A SINGLE COMPLEX PHASE
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Unitarity triangles

Triangle openness indicates how large CP expected 

R. Silva Coutinho

= ⇢(1� �2/2)
<latexit sha1_base64="/v/0if0IYXVW7RehN5SdUqFy8sE=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR6sI6Mwi6EQpuXFawD+iMJZNJ29BMMiQZoQx146+4caGIW//CnX9j2s5CWw8EDufcw809YcKo0o7zbRWWlldW14rrpY3Nre0de3evqUQqMWlgwYRsh0gRRjlpaKoZaSeSoDhkpBUOryd+64FIRQW/06OEBDHqc9qjGGkjde2DK+jLgai48NRnJhah+8wbn3knXbvsVJ0p4CJxc1IGOepd+8uPBE5jwjVmSKmO6yQ6yJDUFDMyLvmpIgnCQ9QnHUM5iokKsukFY3hslAj2hDSPazhVfycyFCs1ikMzGSM9UPPeRPzP66S6dxlklCepJhzPFvVSBrWAkzpgRCXBmo0MQVhS81eIB0girE1pJVOCO3/yIml6Vdepurfn5ZqX11EEh+AIVIALLkAN3IA6aAAMHsEzeAVv1pP1Yr1bH7PRgpVn9sEfWJ8/nReVAg==</latexit><latexit sha1_base64="/v/0if0IYXVW7RehN5SdUqFy8sE=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR6sI6Mwi6EQpuXFawD+iMJZNJ29BMMiQZoQx146+4caGIW//CnX9j2s5CWw8EDufcw809YcKo0o7zbRWWlldW14rrpY3Nre0de3evqUQqMWlgwYRsh0gRRjlpaKoZaSeSoDhkpBUOryd+64FIRQW/06OEBDHqc9qjGGkjde2DK+jLgai48NRnJhah+8wbn3knXbvsVJ0p4CJxc1IGOepd+8uPBE5jwjVmSKmO6yQ6yJDUFDMyLvmpIgnCQ9QnHUM5iokKsukFY3hslAj2hDSPazhVfycyFCs1ikMzGSM9UPPeRPzP66S6dxlklCepJhzPFvVSBrWAkzpgRCXBmo0MQVhS81eIB0girE1pJVOCO3/yIml6Vdepurfn5ZqX11EEh+AIVIALLkAN3IA6aAAMHsEzeAVv1pP1Yr1bH7PRgpVn9sEfWJ8/nReVAg==</latexit><latexit sha1_base64="/v/0if0IYXVW7RehN5SdUqFy8sE=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR6sI6Mwi6EQpuXFawD+iMJZNJ29BMMiQZoQx146+4caGIW//CnX9j2s5CWw8EDufcw809YcKo0o7zbRWWlldW14rrpY3Nre0de3evqUQqMWlgwYRsh0gRRjlpaKoZaSeSoDhkpBUOryd+64FIRQW/06OEBDHqc9qjGGkjde2DK+jLgai48NRnJhah+8wbn3knXbvsVJ0p4CJxc1IGOepd+8uPBE5jwjVmSKmO6yQ6yJDUFDMyLvmpIgnCQ9QnHUM5iokKsukFY3hslAj2hDSPazhVfycyFCs1ikMzGSM9UPPeRPzP66S6dxlklCepJhzPFvVSBrWAkzpgRCXBmo0MQVhS81eIB0girE1pJVOCO3/yIml6Vdepurfn5ZqX11EEh+AIVIALLkAN3IA6aAAMHsEzeAVv1pP1Yr1bH7PRgpVn9sEfWJ8/nReVAg==</latexit><latexit sha1_base64="/v/0if0IYXVW7RehN5SdUqFy8sE=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR6sI6Mwi6EQpuXFawD+iMJZNJ29BMMiQZoQx146+4caGIW//CnX9j2s5CWw8EDufcw809YcKo0o7zbRWWlldW14rrpY3Nre0de3evqUQqMWlgwYRsh0gRRjlpaKoZaSeSoDhkpBUOryd+64FIRQW/06OEBDHqc9qjGGkjde2DK+jLgai48NRnJhah+8wbn3knXbvsVJ0p4CJxc1IGOepd+8uPBE5jwjVmSKmO6yQ6yJDUFDMyLvmpIgnCQ9QnHUM5iokKsukFY3hslAj2hDSPazhVfycyFCs1ikMzGSM9UPPeRPzP66S6dxlklCepJhzPFvVSBrWAkzpgRCXBmo0MQVhS81eIB0girE1pJVOCO3/yIml6Vdepurfn5ZqX11EEh+AIVIALLkAN3IA6aAAMHsEzeAVv1pP1Yr1bH7PRgpVn9sEfWJ8/nReVAg==</latexit>

⌘̄
<latexit sha1_base64="VbgFyAgWyb6DO6J1vLUimgYyfQg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48V7Ac2oUy2m3bpZhN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmKGvTRCSqF6JmgkvWNtwI1ksVwzgUrBtObud+94kpzRP5YKYpC2IcSR5xisZKj36IKveZwdmgWnPr7gJknXgFqUGB1qD65Q8TmsVMGipQ677npibIURlOBZtV/EyzFOkER6xvqcSY6SBfXDwjF1YZkihRtqQhC/X3RI6x1tM4tJ0xmrFe9ebif14/M9FNkHOZZoZJulwUZYKYhMzfJ0OuGDViaglSxe2thI5RITU2pIoNwVt9eZ10GnXPrXv3V7Vmo4ijDGdwDpfgwTU04Q5a0AYKEp7hFd4c7bw4787HsrXkFDOn8AfO5w/JKJDt</latexit><latexit sha1_base64="VbgFyAgWyb6DO6J1vLUimgYyfQg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48V7Ac2oUy2m3bpZhN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmKGvTRCSqF6JmgkvWNtwI1ksVwzgUrBtObud+94kpzRP5YKYpC2IcSR5xisZKj36IKveZwdmgWnPr7gJknXgFqUGB1qD65Q8TmsVMGipQ677npibIURlOBZtV/EyzFOkER6xvqcSY6SBfXDwjF1YZkihRtqQhC/X3RI6x1tM4tJ0xmrFe9ebif14/M9FNkHOZZoZJulwUZYKYhMzfJ0OuGDViaglSxe2thI5RITU2pIoNwVt9eZ10GnXPrXv3V7Vmo4ijDGdwDpfgwTU04Q5a0AYKEp7hFd4c7bw4787HsrXkFDOn8AfO5w/JKJDt</latexit><latexit sha1_base64="VbgFyAgWyb6DO6J1vLUimgYyfQg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48V7Ac2oUy2m3bpZhN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmKGvTRCSqF6JmgkvWNtwI1ksVwzgUrBtObud+94kpzRP5YKYpC2IcSR5xisZKj36IKveZwdmgWnPr7gJknXgFqUGB1qD65Q8TmsVMGipQ677npibIURlOBZtV/EyzFOkER6xvqcSY6SBfXDwjF1YZkihRtqQhC/X3RI6x1tM4tJ0xmrFe9ebif14/M9FNkHOZZoZJulwUZYKYhMzfJ0OuGDViaglSxe2thI5RITU2pIoNwVt9eZ10GnXPrXv3V7Vmo4ijDGdwDpfgwTU04Q5a0AYKEp7hFd4c7bw4787HsrXkFDOn8AfO5w/JKJDt</latexit><latexit sha1_base64="VbgFyAgWyb6DO6J1vLUimgYyfQg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48V7Ac2oUy2m3bpZhN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmKGvTRCSqF6JmgkvWNtwI1ksVwzgUrBtObud+94kpzRP5YKYpC2IcSR5xisZKj36IKveZwdmgWnPr7gJknXgFqUGB1qD65Q8TmsVMGipQ677npibIURlOBZtV/EyzFOkER6xvqcSY6SBfXDwjF1YZkihRtqQhC/X3RI6x1tM4tJ0xmrFe9ebif14/M9FNkHOZZoZJulwUZYKYhMzfJ0OuGDViaglSxe2thI5RITU2pIoNwVt9eZ10GnXPrXv3V7Vmo4ijDGdwDpfgwTU04Q5a0AYKEp7hFd4c7bw4787HsrXkFDOn8AfO5w/JKJDt</latexit>

⌘(1� �2/2)
<latexit sha1_base64="DZ/oSOAZcACGlfhh8GXCF9Ky8Yo=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxCXViTIOiy4MZlBfuAJpbJ5KYdOnkwMxFK7MJfceNCEbf+hjv/xmmbhbYeGDiccw/3zvFTzqSyrG9jaXlldW29tFHe3Nre2TX39lsyyQSFJk14Ijo+kcBZDE3FFIdOKoBEPoe2P7ye+O0HEJIl8Z0apeBFpB+zkFGitNQzD11QpGrjM5frUEDuc2d87pz2zIpVs6bAi8QuSAUVaPTMLzdIaBZBrCgnUnZtK1VeToRilMO47GYSUkKHpA9dTWMSgfTy6f1jfKKVAIeJ0C9WeKr+TuQkknIU+XoyImog572J+J/XzVR45eUsTjMFMZ0tCjOOVYInZeCACaCKjzQhVDB9K6YDIghVurKyLsGe//IiaTk126rZtxeVulPUUUJH6BhVkY0uUR3doAZqIooe0TN6RW/Gk/FivBsfs9Elo8gcoD8wPn8ApaWUgg==</latexit><latexit sha1_base64="DZ/oSOAZcACGlfhh8GXCF9Ky8Yo=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxCXViTIOiy4MZlBfuAJpbJ5KYdOnkwMxFK7MJfceNCEbf+hjv/xmmbhbYeGDiccw/3zvFTzqSyrG9jaXlldW29tFHe3Nre2TX39lsyyQSFJk14Ijo+kcBZDE3FFIdOKoBEPoe2P7ye+O0HEJIl8Z0apeBFpB+zkFGitNQzD11QpGrjM5frUEDuc2d87pz2zIpVs6bAi8QuSAUVaPTMLzdIaBZBrCgnUnZtK1VeToRilMO47GYSUkKHpA9dTWMSgfTy6f1jfKKVAIeJ0C9WeKr+TuQkknIU+XoyImog572J+J/XzVR45eUsTjMFMZ0tCjOOVYInZeCACaCKjzQhVDB9K6YDIghVurKyLsGe//IiaTk126rZtxeVulPUUUJH6BhVkY0uUR3doAZqIooe0TN6RW/Gk/FivBsfs9Elo8gcoD8wPn8ApaWUgg==</latexit><latexit sha1_base64="DZ/oSOAZcACGlfhh8GXCF9Ky8Yo=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxCXViTIOiy4MZlBfuAJpbJ5KYdOnkwMxFK7MJfceNCEbf+hjv/xmmbhbYeGDiccw/3zvFTzqSyrG9jaXlldW29tFHe3Nre2TX39lsyyQSFJk14Ijo+kcBZDE3FFIdOKoBEPoe2P7ye+O0HEJIl8Z0apeBFpB+zkFGitNQzD11QpGrjM5frUEDuc2d87pz2zIpVs6bAi8QuSAUVaPTMLzdIaBZBrCgnUnZtK1VeToRilMO47GYSUkKHpA9dTWMSgfTy6f1jfKKVAIeJ0C9WeKr+TuQkknIU+XoyImog572J+J/XzVR45eUsTjMFMZ0tCjOOVYInZeCACaCKjzQhVDB9K6YDIghVurKyLsGe//IiaTk126rZtxeVulPUUUJH6BhVkY0uUR3doAZqIooe0TN6RW/Gk/FivBsfs9Elo8gcoD8wPn8ApaWUgg==</latexit><latexit sha1_base64="DZ/oSOAZcACGlfhh8GXCF9Ky8Yo=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxCXViTIOiy4MZlBfuAJpbJ5KYdOnkwMxFK7MJfceNCEbf+hjv/xmmbhbYeGDiccw/3zvFTzqSyrG9jaXlldW29tFHe3Nre2TX39lsyyQSFJk14Ijo+kcBZDE3FFIdOKoBEPoe2P7ye+O0HEJIl8Z0apeBFpB+zkFGitNQzD11QpGrjM5frUEDuc2d87pz2zIpVs6bAi8QuSAUVaPTMLzdIaBZBrCgnUnZtK1VeToRilMO47GYSUkKHpA9dTWMSgfTy6f1jfKKVAIeJ0C9WeKr+TuQkknIU+XoyImog572J+J/XzVR45eUsTjMFMZ0tCjOOVYInZeCACaCKjzQhVDB9K6YDIghVurKyLsGe//IiaTk126rZtxeVulPUUUJH6BhVkY0uUR3doAZqIooe0TN6RW/Gk/FivBsfs9Elo8gcoD8wPn8ApaWUgg==</latexit>

VudV
⇤
ub + VcdV

⇤
cb + VtdV

⇤
tb = 0

<latexit sha1_base64="RdZ+eLT7tjA2KY24167YJw4ke/w=">AAACHXicbZDLSsNAFIYn9VbrLerSTbAIolASKepGKLhxWcGmhTaGyWTSDp1cmDkRSsiLuPFV3LhQxIUb8W2ctqFo6w8DP985hzPn9xLOJJjmt1ZaWl5ZXSuvVzY2t7Z39N09W8apILRFYh6Ljocl5SyiLWDAaScRFIcep21veD2utx+okCyO7mCUUCfE/YgFjGBQyNXrtpulfm7fZye5cl5+qgCZATIFMAPg5Vemq1fNmjmRsWiswlRRoaarf/b8mKQhjYBwLGXXMhNwMiyAEU7zSi+VNMFkiPu0q2yEQyqdbHJdbhwp4htBLNSLwJjQ3xMZDqUchZ7qDDEM5HxtDP+rdVMILp2MRUkKNCLTRUHKDYiNcVSGzwQlwEfKYCKY+qtBBlhgAirQigrBmj950dhnNcusWbf1auO8iKOMDtAhOkYWukANdIOaqIUIekTP6BW9aU/ai/aufUxbS1oxs4/+SPv6AcKRouI=</latexit><latexit sha1_base64="RdZ+eLT7tjA2KY24167YJw4ke/w=">AAACHXicbZDLSsNAFIYn9VbrLerSTbAIolASKepGKLhxWcGmhTaGyWTSDp1cmDkRSsiLuPFV3LhQxIUb8W2ctqFo6w8DP985hzPn9xLOJJjmt1ZaWl5ZXSuvVzY2t7Z39N09W8apILRFYh6Ljocl5SyiLWDAaScRFIcep21veD2utx+okCyO7mCUUCfE/YgFjGBQyNXrtpulfm7fZye5cl5+qgCZATIFMAPg5Vemq1fNmjmRsWiswlRRoaarf/b8mKQhjYBwLGXXMhNwMiyAEU7zSi+VNMFkiPu0q2yEQyqdbHJdbhwp4htBLNSLwJjQ3xMZDqUchZ7qDDEM5HxtDP+rdVMILp2MRUkKNCLTRUHKDYiNcVSGzwQlwEfKYCKY+qtBBlhgAirQigrBmj950dhnNcusWbf1auO8iKOMDtAhOkYWukANdIOaqIUIekTP6BW9aU/ai/aufUxbS1oxs4/+SPv6AcKRouI=</latexit><latexit sha1_base64="RdZ+eLT7tjA2KY24167YJw4ke/w=">AAACHXicbZDLSsNAFIYn9VbrLerSTbAIolASKepGKLhxWcGmhTaGyWTSDp1cmDkRSsiLuPFV3LhQxIUb8W2ctqFo6w8DP985hzPn9xLOJJjmt1ZaWl5ZXSuvVzY2t7Z39N09W8apILRFYh6Ljocl5SyiLWDAaScRFIcep21veD2utx+okCyO7mCUUCfE/YgFjGBQyNXrtpulfm7fZye5cl5+qgCZATIFMAPg5Vemq1fNmjmRsWiswlRRoaarf/b8mKQhjYBwLGXXMhNwMiyAEU7zSi+VNMFkiPu0q2yEQyqdbHJdbhwp4htBLNSLwJjQ3xMZDqUchZ7qDDEM5HxtDP+rdVMILp2MRUkKNCLTRUHKDYiNcVSGzwQlwEfKYCKY+qtBBlhgAirQigrBmj950dhnNcusWbf1auO8iKOMDtAhOkYWukANdIOaqIUIekTP6BW9aU/ai/aufUxbS1oxs4/+SPv6AcKRouI=</latexit><latexit sha1_base64="RdZ+eLT7tjA2KY24167YJw4ke/w=">AAACHXicbZDLSsNAFIYn9VbrLerSTbAIolASKepGKLhxWcGmhTaGyWTSDp1cmDkRSsiLuPFV3LhQxIUb8W2ctqFo6w8DP985hzPn9xLOJJjmt1ZaWl5ZXSuvVzY2t7Z39N09W8apILRFYh6Ljocl5SyiLWDAaScRFIcep21veD2utx+okCyO7mCUUCfE/YgFjGBQyNXrtpulfm7fZye5cl5+qgCZATIFMAPg5Vemq1fNmjmRsWiswlRRoaarf/b8mKQhjYBwLGXXMhNwMiyAEU7zSi+VNMFkiPu0q2yEQyqdbHJdbhwp4htBLNSLwJjQ3xMZDqUchZ7qDDEM5HxtDP+rdVMILp2MRUkKNCLTRUHKDYiNcVSGzwQlwEfKYCKY+qtBBlhgAirQigrBmj950dhnNcusWbf1auO8iKOMDtAhOkYWukANdIOaqIUIekTP6BW9aU/ai/aufUxbS1oxs4/+SPv6AcKRouI=</latexit>

[�3]
<latexit sha1_base64="zZ0yD3lCjly9NW7S/jtSpqorljI=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ2Y6tHVXcOOygn3AdCyZTKYNzTxMMoUy9DvcuFDErR/jzr8x01ZQ0QOBwznncm+On3ImFUIfxtr6xubWdmmnvLu3f3BYOTruyiQThHZIwhPR97GknMW0o5jitJ8KiiOf054/uSr83pQKyZL4Vs1S6kV4FLOQEay05LkDrrMBvstrc29YqSLzslm3nTpEJkINy7YKYjecmgMtrRSoghXaw8r7IEhIFtFYEY6ldC2UKi/HQjHC6bw8yCRNMZngEXU1jXFEpZcvjp7Dc60EMEyEfrGCC/X7RI4jKWeRr5MRVmP52yvEvzw3U2HTy1mcZorGZLkozDhUCSwagAETlCg+0wQTwfStkIyxwETpnsq6hK+fwv9J1zYtZFo3TrVVX9VRAqfgDFwACzRAC1yDNugAAu7BA3gCz8bUeDRejNdldM1YzZyAHzDePgH3d5Iw</latexit><latexit sha1_base64="zZ0yD3lCjly9NW7S/jtSpqorljI=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ2Y6tHVXcOOygn3AdCyZTKYNzTxMMoUy9DvcuFDErR/jzr8x01ZQ0QOBwznncm+On3ImFUIfxtr6xubWdmmnvLu3f3BYOTruyiQThHZIwhPR97GknMW0o5jitJ8KiiOf054/uSr83pQKyZL4Vs1S6kV4FLOQEay05LkDrrMBvstrc29YqSLzslm3nTpEJkINy7YKYjecmgMtrRSoghXaw8r7IEhIFtFYEY6ldC2UKi/HQjHC6bw8yCRNMZngEXU1jXFEpZcvjp7Dc60EMEyEfrGCC/X7RI4jKWeRr5MRVmP52yvEvzw3U2HTy1mcZorGZLkozDhUCSwagAETlCg+0wQTwfStkIyxwETpnsq6hK+fwv9J1zYtZFo3TrVVX9VRAqfgDFwACzRAC1yDNugAAu7BA3gCz8bUeDRejNdldM1YzZyAHzDePgH3d5Iw</latexit><latexit sha1_base64="zZ0yD3lCjly9NW7S/jtSpqorljI=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ2Y6tHVXcOOygn3AdCyZTKYNzTxMMoUy9DvcuFDErR/jzr8x01ZQ0QOBwznncm+On3ImFUIfxtr6xubWdmmnvLu3f3BYOTruyiQThHZIwhPR97GknMW0o5jitJ8KiiOf054/uSr83pQKyZL4Vs1S6kV4FLOQEay05LkDrrMBvstrc29YqSLzslm3nTpEJkINy7YKYjecmgMtrRSoghXaw8r7IEhIFtFYEY6ldC2UKi/HQjHC6bw8yCRNMZngEXU1jXFEpZcvjp7Dc60EMEyEfrGCC/X7RI4jKWeRr5MRVmP52yvEvzw3U2HTy1mcZorGZLkozDhUCSwagAETlCg+0wQTwfStkIyxwETpnsq6hK+fwv9J1zYtZFo3TrVVX9VRAqfgDFwACzRAC1yDNugAAu7BA3gCz8bUeDRejNdldM1YzZyAHzDePgH3d5Iw</latexit><latexit sha1_base64="zZ0yD3lCjly9NW7S/jtSpqorljI=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ2Y6tHVXcOOygn3AdCyZTKYNzTxMMoUy9DvcuFDErR/jzr8x01ZQ0QOBwznncm+On3ImFUIfxtr6xubWdmmnvLu3f3BYOTruyiQThHZIwhPR97GknMW0o5jitJ8KiiOf054/uSr83pQKyZL4Vs1S6kV4FLOQEay05LkDrrMBvstrc29YqSLzslm3nTpEJkINy7YKYjecmgMtrRSoghXaw8r7IEhIFtFYEY6ldC2UKi/HQjHC6bw8yCRNMZngEXU1jXFEpZcvjp7Dc60EMEyEfrGCC/X7RI4jKWeRr5MRVmP52yvEvzw3U2HTy1mcZorGZLkozDhUCSwagAETlCg+0wQTwfStkIyxwETpnsq6hK+fwv9J1zYtZFo3TrVVX9VRAqfgDFwACzRAC1yDNugAAu7BA3gCz8bUeDRejNdldM1YzZyAHzDePgH3d5Iw</latexit>

[�3]
<latexit sha1_base64="zZ0yD3lCjly9NW7S/jtSpqorljI=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ2Y6tHVXcOOygn3AdCyZTKYNzTxMMoUy9DvcuFDErR/jzr8x01ZQ0QOBwznncm+On3ImFUIfxtr6xubWdmmnvLu3f3BYOTruyiQThHZIwhPR97GknMW0o5jitJ8KiiOf054/uSr83pQKyZL4Vs1S6kV4FLOQEay05LkDrrMBvstrc29YqSLzslm3nTpEJkINy7YKYjecmgMtrRSoghXaw8r7IEhIFtFYEY6ldC2UKi/HQjHC6bw8yCRNMZngEXU1jXFEpZcvjp7Dc60EMEyEfrGCC/X7RI4jKWeRr5MRVmP52yvEvzw3U2HTy1mcZorGZLkozDhUCSwagAETlCg+0wQTwfStkIyxwETpnsq6hK+fwv9J1zYtZFo3TrVVX9VRAqfgDFwACzRAC1yDNugAAu7BA3gCz8bUeDRejNdldM1YzZyAHzDePgH3d5Iw</latexit><latexit sha1_base64="zZ0yD3lCjly9NW7S/jtSpqorljI=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ2Y6tHVXcOOygn3AdCyZTKYNzTxMMoUy9DvcuFDErR/jzr8x01ZQ0QOBwznncm+On3ImFUIfxtr6xubWdmmnvLu3f3BYOTruyiQThHZIwhPR97GknMW0o5jitJ8KiiOf054/uSr83pQKyZL4Vs1S6kV4FLOQEay05LkDrrMBvstrc29YqSLzslm3nTpEJkINy7YKYjecmgMtrRSoghXaw8r7IEhIFtFYEY6ldC2UKi/HQjHC6bw8yCRNMZngEXU1jXFEpZcvjp7Dc60EMEyEfrGCC/X7RI4jKWeRr5MRVmP52yvEvzw3U2HTy1mcZorGZLkozDhUCSwagAETlCg+0wQTwfStkIyxwETpnsq6hK+fwv9J1zYtZFo3TrVVX9VRAqfgDFwACzRAC1yDNugAAu7BA3gCz8bUeDRejNdldM1YzZyAHzDePgH3d5Iw</latexit><latexit sha1_base64="zZ0yD3lCjly9NW7S/jtSpqorljI=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ2Y6tHVXcOOygn3AdCyZTKYNzTxMMoUy9DvcuFDErR/jzr8x01ZQ0QOBwznncm+On3ImFUIfxtr6xubWdmmnvLu3f3BYOTruyiQThHZIwhPR97GknMW0o5jitJ8KiiOf054/uSr83pQKyZL4Vs1S6kV4FLOQEay05LkDrrMBvstrc29YqSLzslm3nTpEJkINy7YKYjecmgMtrRSoghXaw8r7IEhIFtFYEY6ldC2UKi/HQjHC6bw8yCRNMZngEXU1jXFEpZcvjp7Dc60EMEyEfrGCC/X7RI4jKWeRr5MRVmP52yvEvzw3U2HTy1mcZorGZLkozDhUCSwagAETlCg+0wQTwfStkIyxwETpnsq6hK+fwv9J1zYtZFo3TrVVX9VRAqfgDFwACzRAC1yDNugAAu7BA3gCz8bUeDRejNdldM1YzZyAHzDePgH3d5Iw</latexit><latexit sha1_base64="zZ0yD3lCjly9NW7S/jtSpqorljI=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ2Y6tHVXcOOygn3AdCyZTKYNzTxMMoUy9DvcuFDErR/jzr8x01ZQ0QOBwznncm+On3ImFUIfxtr6xubWdmmnvLu3f3BYOTruyiQThHZIwhPR97GknMW0o5jitJ8KiiOf054/uSr83pQKyZL4Vs1S6kV4FLOQEay05LkDrrMBvstrc29YqSLzslm3nTpEJkINy7YKYjecmgMtrRSoghXaw8r7IEhIFtFYEY6ldC2UKi/HQjHC6bw8yCRNMZngEXU1jXFEpZcvjp7Dc60EMEyEfrGCC/X7RI4jKWeRr5MRVmP52yvEvzw3U2HTy1mcZorGZLkozDhUCSwagAETlCg+0wQTwfStkIyxwETpnsq6hK+fwv9J1zYtZFo3TrVVX9VRAqfgDFwACzRAC1yDNugAAu7BA3gCz8bUeDRejNdldM1YzZyAHzDePgH3d5Iw</latexit>

[�3]
<latexit sha1_base64="zZ0yD3lCjly9NW7S/jtSpqorljI=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ2Y6tHVXcOOygn3AdCyZTKYNzTxMMoUy9DvcuFDErR/jzr8x01ZQ0QOBwznncm+On3ImFUIfxtr6xubWdmmnvLu3f3BYOTruyiQThHZIwhPR97GknMW0o5jitJ8KiiOf054/uSr83pQKyZL4Vs1S6kV4FLOQEay05LkDrrMBvstrc29YqSLzslm3nTpEJkINy7YKYjecmgMtrRSoghXaw8r7IEhIFtFYEY6ldC2UKi/HQjHC6bw8yCRNMZngEXU1jXFEpZcvjp7Dc60EMEyEfrGCC/X7RI4jKWeRr5MRVmP52yvEvzw3U2HTy1mcZorGZLkozDhUCSwagAETlCg+0wQTwfStkIyxwETpnsq6hK+fwv9J1zYtZFo3TrVVX9VRAqfgDFwACzRAC1yDNugAAu7BA3gCz8bUeDRejNdldM1YzZyAHzDePgH3d5Iw</latexit><latexit sha1_base64="zZ0yD3lCjly9NW7S/jtSpqorljI=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ2Y6tHVXcOOygn3AdCyZTKYNzTxMMoUy9DvcuFDErR/jzr8x01ZQ0QOBwznncm+On3ImFUIfxtr6xubWdmmnvLu3f3BYOTruyiQThHZIwhPR97GknMW0o5jitJ8KiiOf054/uSr83pQKyZL4Vs1S6kV4FLOQEay05LkDrrMBvstrc29YqSLzslm3nTpEJkINy7YKYjecmgMtrRSoghXaw8r7IEhIFtFYEY6ldC2UKi/HQjHC6bw8yCRNMZngEXU1jXFEpZcvjp7Dc60EMEyEfrGCC/X7RI4jKWeRr5MRVmP52yvEvzw3U2HTy1mcZorGZLkozDhUCSwagAETlCg+0wQTwfStkIyxwETpnsq6hK+fwv9J1zYtZFo3TrVVX9VRAqfgDFwACzRAC1yDNugAAu7BA3gCz8bUeDRejNdldM1YzZyAHzDePgH3d5Iw</latexit><latexit sha1_base64="zZ0yD3lCjly9NW7S/jtSpqorljI=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ2Y6tHVXcOOygn3AdCyZTKYNzTxMMoUy9DvcuFDErR/jzr8x01ZQ0QOBwznncm+On3ImFUIfxtr6xubWdmmnvLu3f3BYOTruyiQThHZIwhPR97GknMW0o5jitJ8KiiOf054/uSr83pQKyZL4Vs1S6kV4FLOQEay05LkDrrMBvstrc29YqSLzslm3nTpEJkINy7YKYjecmgMtrRSoghXaw8r7IEhIFtFYEY6ldC2UKi/HQjHC6bw8yCRNMZngEXU1jXFEpZcvjp7Dc60EMEyEfrGCC/X7RI4jKWeRr5MRVmP52yvEvzw3U2HTy1mcZorGZLkozDhUCSwagAETlCg+0wQTwfStkIyxwETpnsq6hK+fwv9J1zYtZFo3TrVVX9VRAqfgDFwACzRAC1yDNugAAu7BA3gCz8bUeDRejNdldM1YzZyAHzDePgH3d5Iw</latexit><latexit sha1_base64="zZ0yD3lCjly9NW7S/jtSpqorljI=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ2Y6tHVXcOOygn3AdCyZTKYNzTxMMoUy9DvcuFDErR/jzr8x01ZQ0QOBwznncm+On3ImFUIfxtr6xubWdmmnvLu3f3BYOTruyiQThHZIwhPR97GknMW0o5jitJ8KiiOf054/uSr83pQKyZL4Vs1S6kV4FLOQEay05LkDrrMBvstrc29YqSLzslm3nTpEJkINy7YKYjecmgMtrRSoghXaw8r7IEhIFtFYEY6ldC2UKi/HQjHC6bw8yCRNMZngEXU1jXFEpZcvjp7Dc60EMEyEfrGCC/X7RI4jKWeRr5MRVmP52yvEvzw3U2HTy1mcZorGZLkozDhUCSwagAETlCg+0wQTwfStkIyxwETpnsq6hK+fwv9J1zYtZFo3TrVVX9VRAqfgDFwACzRAC1yDNugAAu7BA3gCz8bUeDRejNdldM1YzZyAHzDePgH3d5Iw</latexit>

VcsV
⇤
cb ⇠[�2]

<latexit sha1_base64="T0eA6S3rxOnTFU8QolPaDJKORV4="></latexit><latexit sha1_base64="T0eA6S3rxOnTFU8QolPaDJKORV4="></latexit><latexit sha1_base64="T0eA6S3rxOnTFU8QolPaDJKORV4="></latexit><latexit sha1_base64="T0eA6S3rxOnTFU8QolPaDJKORV4="></latexit>

VtsV
⇤
tb ⇠[�2]

<latexit sha1_base64="Sl7EXzc0iWpAs5pEV2NFa0pLqUU="></latexit><latexit sha1_base64="Sl7EXzc0iWpAs5pEV2NFa0pLqUU="></latexit><latexit sha1_base64="Sl7EXzc0iWpAs5pEV2NFa0pLqUU="></latexit><latexit sha1_base64="Sl7EXzc0iWpAs5pEV2NFa0pLqUU="></latexit>

V ⇤
ubVcd ⇠[�]

<latexit sha1_base64="SPxLKOjKAE3tOsCWNGasxuBLWH8="></latexit><latexit sha1_base64="SPxLKOjKAE3tOsCWNGasxuBLWH8="></latexit><latexit sha1_base64="SPxLKOjKAE3tOsCWNGasxuBLWH8="></latexit><latexit sha1_base64="SPxLKOjKAE3tOsCWNGasxuBLWH8="></latexit>

V ⇤
ubVcb ⇠[�5]

<latexit sha1_base64="E/JxEN9gEzy/ILriKNcBMh0ugGA="></latexit><latexit sha1_base64="E/JxEN9gEzy/ILriKNcBMh0ugGA="></latexit><latexit sha1_base64="E/JxEN9gEzy/ILriKNcBMh0ugGA="></latexit><latexit sha1_base64="E/JxEN9gEzy/ILriKNcBMh0ugGA="></latexit>

V ⇤
usVcs ⇠[�]

<latexit sha1_base64="bH8KOG3eTv4WXX5UECiIbtUyZ44="></latexit><latexit sha1_base64="bH8KOG3eTv4WXX5UECiIbtUyZ44="></latexit><latexit sha1_base64="bH8KOG3eTv4WXX5UECiIbtUyZ44="></latexit><latexit sha1_base64="bH8KOG3eTv4WXX5UECiIbtUyZ44="></latexit>

[representative plots only]

�c ⇠ 0.03�
<latexit sha1_base64="Znni7a3nx4T+jSfQnbG5C0sCtBo="></latexit><latexit sha1_base64="Znni7a3nx4T+jSfQnbG5C0sCtBo="></latexit><latexit sha1_base64="Znni7a3nx4T+jSfQnbG5C0sCtBo="></latexit><latexit sha1_base64="Znni7a3nx4T+jSfQnbG5C0sCtBo="></latexit>

�s ⇠ 1�
<latexit sha1_base64="UFhWP6WIfpp1HGtyHHtL8VAxnTs="></latexit><latexit sha1_base64="UFhWP6WIfpp1HGtyHHtL8VAxnTs="></latexit><latexit sha1_base64="UFhWP6WIfpp1HGtyHHtL8VAxnTs="></latexit><latexit sha1_base64="UFhWP6WIfpp1HGtyHHtL8VAxnTs="></latexit>

� ⇠ 22�
<latexit sha1_base64="U0wpjrHHAI/vOaFsPr/BbwuVYgQ="></latexit><latexit sha1_base64="U0wpjrHHAI/vOaFsPr/BbwuVYgQ="></latexit><latexit sha1_base64="U0wpjrHHAI/vOaFsPr/BbwuVYgQ="></latexit><latexit sha1_base64="U0wpjrHHAI/vOaFsPr/BbwuVYgQ="></latexit>

VusV
⇤
ub ⇠[�4]

<latexit sha1_base64="DR9CJhl473Y0A5AgA3JFjB4QRKI="></latexit><latexit sha1_base64="DR9CJhl473Y0A5AgA3JFjB4QRKI="></latexit><latexit sha1_base64="DR9CJhl473Y0A5AgA3JFjB4QRKI="></latexit><latexit sha1_base64="DR9CJhl473Y0A5AgA3JFjB4QRKI="></latexit>

UNITARITY OF CKM MATRIX, I.E.

ALL TRIANGLES HAVE SAME SURFACE AREA 
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Search for CP violation at LHCb

R. Silva Coutinho

           IS AN IDEAL PLACE FOR CKM AND CP VIOLATION MEASUREMENTS IN BEAUTY AND CHARM DECAYS

MEASUREMENTS OF     IS ONE OF THE KEY GOALS AT LHCB�
<latexit sha1_base64="plh6vDsfz2o3dYCVe2Xqxz1vWr8=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadndxCTeAl48RjAPSJYwO5kkY+axzMwKYck/ePGgiFf/x5t/42wSQUULGoqqbrq7ophRbTzvw8mtrW9sbuW3Czu7e/sHxcOjtpaJwqSFJZOqGyFNGBWkZahhpBsrgnjESCeaXmV+554oTaW4NbOYhByNBR1RjIyV2v0x4hwNiiXPvaxXg4sAeq7n1YJyNSNBrRKUoW+VDCWwQnNQfO8PJU44EQYzpHXP92ITpkgZihmZF/qJJjHCUzQmPUsF4kSH6eLaOTyzyhCOpLIlDFyo3ydSxLWe8ch2cmQm+reXiX95vcSM6mFKRZwYIvBy0Shh0EiYvQ6HVBFs2MwShBW1t0I8QQphYwMq2BC+PoX/k3bg+p7r31RKjeoqjjw4AafgHPigBhrgGjRBC2BwBx7AE3h2pPPovDivy9acs5o5Bj/gvH0C5jiPTQ==</latexit><latexit sha1_base64="plh6vDsfz2o3dYCVe2Xqxz1vWr8=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadndxCTeAl48RjAPSJYwO5kkY+axzMwKYck/ePGgiFf/x5t/42wSQUULGoqqbrq7ophRbTzvw8mtrW9sbuW3Czu7e/sHxcOjtpaJwqSFJZOqGyFNGBWkZahhpBsrgnjESCeaXmV+554oTaW4NbOYhByNBR1RjIyV2v0x4hwNiiXPvaxXg4sAeq7n1YJyNSNBrRKUoW+VDCWwQnNQfO8PJU44EQYzpHXP92ITpkgZihmZF/qJJjHCUzQmPUsF4kSH6eLaOTyzyhCOpLIlDFyo3ydSxLWe8ch2cmQm+reXiX95vcSM6mFKRZwYIvBy0Shh0EiYvQ6HVBFs2MwShBW1t0I8QQphYwMq2BC+PoX/k3bg+p7r31RKjeoqjjw4AafgHPigBhrgGjRBC2BwBx7AE3h2pPPovDivy9acs5o5Bj/gvH0C5jiPTQ==</latexit><latexit sha1_base64="plh6vDsfz2o3dYCVe2Xqxz1vWr8=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadndxCTeAl48RjAPSJYwO5kkY+axzMwKYck/ePGgiFf/x5t/42wSQUULGoqqbrq7ophRbTzvw8mtrW9sbuW3Czu7e/sHxcOjtpaJwqSFJZOqGyFNGBWkZahhpBsrgnjESCeaXmV+554oTaW4NbOYhByNBR1RjIyV2v0x4hwNiiXPvaxXg4sAeq7n1YJyNSNBrRKUoW+VDCWwQnNQfO8PJU44EQYzpHXP92ITpkgZihmZF/qJJjHCUzQmPUsF4kSH6eLaOTyzyhCOpLIlDFyo3ydSxLWe8ch2cmQm+reXiX95vcSM6mFKRZwYIvBy0Shh0EiYvQ6HVBFs2MwShBW1t0I8QQphYwMq2BC+PoX/k3bg+p7r31RKjeoqjjw4AafgHPigBhrgGjRBC2BwBx7AE3h2pPPovDivy9acs5o5Bj/gvH0C5jiPTQ==</latexit><latexit sha1_base64="plh6vDsfz2o3dYCVe2Xqxz1vWr8=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadndxCTeAl48RjAPSJYwO5kkY+axzMwKYck/ePGgiFf/x5t/42wSQUULGoqqbrq7ophRbTzvw8mtrW9sbuW3Czu7e/sHxcOjtpaJwqSFJZOqGyFNGBWkZahhpBsrgnjESCeaXmV+554oTaW4NbOYhByNBR1RjIyV2v0x4hwNiiXPvaxXg4sAeq7n1YJyNSNBrRKUoW+VDCWwQnNQfO8PJU44EQYzpHXP92ITpkgZihmZF/qJJjHCUzQmPUsF4kSH6eLaOTyzyhCOpLIlDFyo3ydSxLWe8ch2cmQm+reXiX95vcSM6mFKRZwYIvBy0Shh0EiYvQ6HVBFs2MwShBW1t0I8QQphYwMq2BC+PoX/k3bg+p7r31RKjeoqjjw4AafgHPigBhrgGjRBC2BwBx7AE3h2pPPovDivy9acs5o5Bj/gvH0C5jiPTQ==</latexit>

[arXiv:2209.03692, Submitted to JHEP]

[arXiv:2301.10328, Submitted to Eur. Phys. J. C]B± ! [h+h�⇡+⇡�]Dh0±
<latexit sha1_base64="SICmmiQQokpep0OnJ5lK2Y9Cb20="></latexit><latexit sha1_base64="SICmmiQQokpep0OnJ5lK2Y9Cb20="></latexit><latexit sha1_base64="SICmmiQQokpep0OnJ5lK2Y9Cb20="></latexit><latexit sha1_base64="SICmmiQQokpep0OnJ5lK2Y9Cb20="></latexit>

B± ! [K⌥⇡±⇡±⇡⌥]Dh±
<latexit sha1_base64="JjdFiGQUFGdIGtx+UWH7sCru8hU="></latexit><latexit sha1_base64="JjdFiGQUFGdIGtx+UWH7sCru8hU="></latexit><latexit sha1_base64="JjdFiGQUFGdIGtx+UWH7sCru8hU="></latexit><latexit sha1_base64="JjdFiGQUFGdIGtx+UWH7sCru8hU="></latexit>

� = (54.8+6.0+0.6+6.7
�5.8�0.6�4.3)

�
<latexit sha1_base64="VcQK6OKXBUphbfZtEY63eUwsKPg="></latexit><latexit sha1_base64="VcQK6OKXBUphbfZtEY63eUwsKPg="></latexit><latexit sha1_base64="VcQK6OKXBUphbfZtEY63eUwsKPg="></latexit><latexit sha1_base64="VcQK6OKXBUphbfZtEY63eUwsKPg="></latexit>

� = (116+12
�14)

�
<latexit sha1_base64="cyJkh1M3JETyO6tzSRqeC1Vi6E4="></latexit><latexit sha1_base64="cyJkh1M3JETyO6tzSRqeC1Vi6E4="></latexit><latexit sha1_base64="cyJkh1M3JETyO6tzSRqeC1Vi6E4="></latexit><latexit sha1_base64="cyJkh1M3JETyO6tzSRqeC1Vi6E4="></latexit>

CP VIOLATION IN THE CHARM SECTOR IS PREDICTED TO BE SMALL (10-4 - 10-3)

FIRST CP VIOLATION IN DECAY OF                           OPENED DEBATE ON QCD CALCULATIONSD0 ! h+h�
<latexit sha1_base64="xfSSNS97bIQWQ0vPup7rcuv3OLU=">AAAB/HicdVDLSgMxFM3UV62vapdugkUQxCHTjmOXBV24rGAf0E5LJs20oZkHSUYow/grblwo4tYPceffmD4EFT2QcDjnXu69x4s5kwqhDyO3srq2vpHfLGxt7+zuFfcPWjJKBKFNEvFIdDwsKWchbSqmOO3EguLA47TtTS5nfvuOCsmi8FZNY+oGeBQynxGstDQolq76Kcp6KoLjfnqa6e8sGxTLyKw6Vq1yDpFpO8iqWpo4dsVxqtAy0RxlsERjUHzvDSOSBDRUhGMpuxaKlZtioRjhNCv0EkljTCZ4RLuahjig0k3ny2fwWCtD6EdCv1DBufq9I8WBlNPA05UBVmP525uJf3ndRPk1N2VhnCgaksUgP+FQ3zpLAg6ZoETxqSaYCKZ3hWSMBSZK51XQIXxdCv8nrYppIdO6sct1exlHHhyCI3ACLHAB6uAaNEATEDAFD+AJPBv3xqPxYrwuSnPGsqcEfsB4+wR0h5Sb</latexit><latexit sha1_base64="xfSSNS97bIQWQ0vPup7rcuv3OLU=">AAAB/HicdVDLSgMxFM3UV62vapdugkUQxCHTjmOXBV24rGAf0E5LJs20oZkHSUYow/grblwo4tYPceffmD4EFT2QcDjnXu69x4s5kwqhDyO3srq2vpHfLGxt7+zuFfcPWjJKBKFNEvFIdDwsKWchbSqmOO3EguLA47TtTS5nfvuOCsmi8FZNY+oGeBQynxGstDQolq76Kcp6KoLjfnqa6e8sGxTLyKw6Vq1yDpFpO8iqWpo4dsVxqtAy0RxlsERjUHzvDSOSBDRUhGMpuxaKlZtioRjhNCv0EkljTCZ4RLuahjig0k3ny2fwWCtD6EdCv1DBufq9I8WBlNPA05UBVmP525uJf3ndRPk1N2VhnCgaksUgP+FQ3zpLAg6ZoETxqSaYCKZ3hWSMBSZK51XQIXxdCv8nrYppIdO6sct1exlHHhyCI3ACLHAB6uAaNEATEDAFD+AJPBv3xqPxYrwuSnPGsqcEfsB4+wR0h5Sb</latexit><latexit sha1_base64="xfSSNS97bIQWQ0vPup7rcuv3OLU=">AAAB/HicdVDLSgMxFM3UV62vapdugkUQxCHTjmOXBV24rGAf0E5LJs20oZkHSUYow/grblwo4tYPceffmD4EFT2QcDjnXu69x4s5kwqhDyO3srq2vpHfLGxt7+zuFfcPWjJKBKFNEvFIdDwsKWchbSqmOO3EguLA47TtTS5nfvuOCsmi8FZNY+oGeBQynxGstDQolq76Kcp6KoLjfnqa6e8sGxTLyKw6Vq1yDpFpO8iqWpo4dsVxqtAy0RxlsERjUHzvDSOSBDRUhGMpuxaKlZtioRjhNCv0EkljTCZ4RLuahjig0k3ny2fwWCtD6EdCv1DBufq9I8WBlNPA05UBVmP525uJf3ndRPk1N2VhnCgaksUgP+FQ3zpLAg6ZoETxqSaYCKZ3hWSMBSZK51XQIXxdCv8nrYppIdO6sct1exlHHhyCI3ACLHAB6uAaNEATEDAFD+AJPBv3xqPxYrwuSnPGsqcEfsB4+wR0h5Sb</latexit><latexit sha1_base64="xfSSNS97bIQWQ0vPup7rcuv3OLU=">AAAB/HicdVDLSgMxFM3UV62vapdugkUQxCHTjmOXBV24rGAf0E5LJs20oZkHSUYow/grblwo4tYPceffmD4EFT2QcDjnXu69x4s5kwqhDyO3srq2vpHfLGxt7+zuFfcPWjJKBKFNEvFIdDwsKWchbSqmOO3EguLA47TtTS5nfvuOCsmi8FZNY+oGeBQynxGstDQolq76Kcp6KoLjfnqa6e8sGxTLyKw6Vq1yDpFpO8iqWpo4dsVxqtAy0RxlsERjUHzvDSOSBDRUhGMpuxaKlZtioRjhNCv0EkljTCZ4RLuahjig0k3ny2fwWCtD6EdCv1DBufq9I8WBlNPA05UBVmP525uJf3ndRPk1N2VhnCgaksUgP+FQ3zpLAg6ZoETxqSaYCKZ3hWSMBSZK51XQIXxdCv8nrYppIdO6sct1exlHHhyCI3ACLHAB6uAaNEATEDAFD+AJPBv3xqPxYrwuSnPGsqcEfsB4+wR0h5Sb</latexit>

[PRL 122 (2019) 211803]

CP VIOLATION IN DECAY OF                           AT            LEVEL      D0 ! ⇡�⇡+
<latexit sha1_base64="uPkQsz6fpzylMZc6dB/fCB8PkKw=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLtq1rjwU9eKxgH9DdlmyatqHZB0lWKMte/CtePCji1Z/hzX9j+hBUdCBkmPk+khk/5kwqhD6M3NLyyupafr2wsbm1vWPu7jVllAhCGyTikWj7WFLOQtpQTHHajgXFgc9pyx9fTv3WHRWSReGtmsTUC/AwZANGsNJSzzy46qYoc1UE3Zh107Nsdp1mPbOIrLJjV0vnEFkVB9llWxOnUnKcMrQtNEMRLFDvme9uPyJJQENFOJayY6NYeSkWihFOs4KbSBpjMsZD2tE0xAGVXjoLkMFjrfThIBL6hArO1O8bKQ6knAS+ngywGsnf3lT8y+skalD1UhbGiaIhmT80SDjUeadtwD4TlCg+0QQTwfRfIRlhgYnSnRV0CV9J4f+kWbJsZNk3lWKtsqgjDw7BETgBNrgANXAN6qABCMjAA3gCz8a98Wi8GK/z0Zyx2NkHP2C8fQKVm5Zd</latexit><latexit sha1_base64="uPkQsz6fpzylMZc6dB/fCB8PkKw=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLtq1rjwU9eKxgH9DdlmyatqHZB0lWKMte/CtePCji1Z/hzX9j+hBUdCBkmPk+khk/5kwqhD6M3NLyyupafr2wsbm1vWPu7jVllAhCGyTikWj7WFLOQtpQTHHajgXFgc9pyx9fTv3WHRWSReGtmsTUC/AwZANGsNJSzzy46qYoc1UE3Zh107Nsdp1mPbOIrLJjV0vnEFkVB9llWxOnUnKcMrQtNEMRLFDvme9uPyJJQENFOJayY6NYeSkWihFOs4KbSBpjMsZD2tE0xAGVXjoLkMFjrfThIBL6hArO1O8bKQ6knAS+ngywGsnf3lT8y+skalD1UhbGiaIhmT80SDjUeadtwD4TlCg+0QQTwfRfIRlhgYnSnRV0CV9J4f+kWbJsZNk3lWKtsqgjDw7BETgBNrgANXAN6qABCMjAA3gCz8a98Wi8GK/z0Zyx2NkHP2C8fQKVm5Zd</latexit><latexit sha1_base64="uPkQsz6fpzylMZc6dB/fCB8PkKw=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLtq1rjwU9eKxgH9DdlmyatqHZB0lWKMte/CtePCji1Z/hzX9j+hBUdCBkmPk+khk/5kwqhD6M3NLyyupafr2wsbm1vWPu7jVllAhCGyTikWj7WFLOQtpQTHHajgXFgc9pyx9fTv3WHRWSReGtmsTUC/AwZANGsNJSzzy46qYoc1UE3Zh107Nsdp1mPbOIrLJjV0vnEFkVB9llWxOnUnKcMrQtNEMRLFDvme9uPyJJQENFOJayY6NYeSkWihFOs4KbSBpjMsZD2tE0xAGVXjoLkMFjrfThIBL6hArO1O8bKQ6knAS+ngywGsnf3lT8y+skalD1UhbGiaIhmT80SDjUeadtwD4TlCg+0QQTwfRfIRlhgYnSnRV0CV9J4f+kWbJsZNk3lWKtsqgjDw7BETgBNrgANXAN6qABCMjAA3gCz8a98Wi8GK/z0Zyx2NkHP2C8fQKVm5Zd</latexit><latexit sha1_base64="uPkQsz6fpzylMZc6dB/fCB8PkKw=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLtq1rjwU9eKxgH9DdlmyatqHZB0lWKMte/CtePCji1Z/hzX9j+hBUdCBkmPk+khk/5kwqhD6M3NLyyupafr2wsbm1vWPu7jVllAhCGyTikWj7WFLOQtpQTHHajgXFgc9pyx9fTv3WHRWSReGtmsTUC/AwZANGsNJSzzy46qYoc1UE3Zh107Nsdp1mPbOIrLJjV0vnEFkVB9llWxOnUnKcMrQtNEMRLFDvme9uPyJJQENFOJayY6NYeSkWihFOs4KbSBpjMsZD2tE0xAGVXjoLkMFjrfThIBL6hArO1O8bKQ6knAS+ngywGsnf3lT8y+skalD1UhbGiaIhmT80SDjUeadtwD4TlCg+0QQTwfRfIRlhgYnSnRV0CV9J4f+kWbJsZNk3lWKtsqgjDw7BETgBNrgANXAN6qABCMjAA3gCz8a98Wi8GK/z0Zyx2NkHP2C8fQKVm5Zd</latexit>

3.8�
<latexit sha1_base64="9Acy2kb3/0/WMuveWFJc7gCqSw4=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GibtOHZZcOOygn1IO5RMmmlDk8yQZIQy9CvcuFDErZ/jzr8xfQgqeuDC4Zx7ufeeKOVMG8/7cApr6xubW8Xt0s7u3v5B+fCorZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040uZr7nXuqNEvkrZmmNBR4JFnMCDZWuqu59b5mI4EH5Yrn1gJUr15Az/UDD9WQJYFfDYIaRK63QAWs0ByU3/vDhGSCSkM41rqHvNSEOVaGEU5npX6maYrJBI9oz1KJBdVhvjh4Bs+sMoRxomxJAxfq94kcC62nIrKdApux/u3Nxb+8XmbiepgzmWaGSrJcFGccmgTOv4dDpigxfGoJJorZWyEZY4WJsRmVbAhfn8L/SbvqIs9FN36l4a/iKIITcArOAQKXoAGuQRO0AAECPIAn8Owo59F5cV6XrQVnNXMMfsB5+wRUFpAP</latexit><latexit sha1_base64="9Acy2kb3/0/WMuveWFJc7gCqSw4=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GibtOHZZcOOygn1IO5RMmmlDk8yQZIQy9CvcuFDErZ/jzr8xfQgqeuDC4Zx7ufeeKOVMG8/7cApr6xubW8Xt0s7u3v5B+fCorZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040uZr7nXuqNEvkrZmmNBR4JFnMCDZWuqu59b5mI4EH5Yrn1gJUr15Az/UDD9WQJYFfDYIaRK63QAWs0ByU3/vDhGSCSkM41rqHvNSEOVaGEU5npX6maYrJBI9oz1KJBdVhvjh4Bs+sMoRxomxJAxfq94kcC62nIrKdApux/u3Nxb+8XmbiepgzmWaGSrJcFGccmgTOv4dDpigxfGoJJorZWyEZY4WJsRmVbAhfn8L/SbvqIs9FN36l4a/iKIITcArOAQKXoAGuQRO0AAECPIAn8Owo59F5cV6XrQVnNXMMfsB5+wRUFpAP</latexit><latexit sha1_base64="9Acy2kb3/0/WMuveWFJc7gCqSw4=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GibtOHZZcOOygn1IO5RMmmlDk8yQZIQy9CvcuFDErZ/jzr8xfQgqeuDC4Zx7ufeeKOVMG8/7cApr6xubW8Xt0s7u3v5B+fCorZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040uZr7nXuqNEvkrZmmNBR4JFnMCDZWuqu59b5mI4EH5Yrn1gJUr15Az/UDD9WQJYFfDYIaRK63QAWs0ByU3/vDhGSCSkM41rqHvNSEOVaGEU5npX6maYrJBI9oz1KJBdVhvjh4Bs+sMoRxomxJAxfq94kcC62nIrKdApux/u3Nxb+8XmbiepgzmWaGSrJcFGccmgTOv4dDpigxfGoJJorZWyEZY4WJsRmVbAhfn8L/SbvqIs9FN36l4a/iKIITcArOAQKXoAGuQRO0AAECPIAn8Owo59F5cV6XrQVnNXMMfsB5+wRUFpAP</latexit><latexit sha1_base64="9Acy2kb3/0/WMuveWFJc7gCqSw4=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GibtOHZZcOOygn1IO5RMmmlDk8yQZIQy9CvcuFDErZ/jzr8xfQgqeuDC4Zx7ufeeKOVMG8/7cApr6xubW8Xt0s7u3v5B+fCorZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040uZr7nXuqNEvkrZmmNBR4JFnMCDZWuqu59b5mI4EH5Yrn1gJUr15Az/UDD9WQJYFfDYIaRK63QAWs0ByU3/vDhGSCSkM41rqHvNSEOVaGEU5npX6maYrJBI9oz1KJBdVhvjh4Bs+sMoRxomxJAxfq94kcC62nIrKdApux/u3Nxb+8XmbiepgzmWaGSrJcFGccmgTOv4dDpigxfGoJJorZWyEZY4WJsRmVbAhfn8L/SbvqIs9FN36l4a/iKIITcArOAQKXoAGuQRO0AAECPIAn8Owo59F5cV6XrQVnNXMMfsB5+wRUFpAP</latexit>

[arXiv:2209.03179, Submitted to PRL] 

FURTHER STUDIES ON THE CHARM SECTOR ARE CRUCIAL

[Precision/results might be affected by upcoming charm 
model-independent measurements]
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Search for CP violation charm three-body decays

R. Silva Coutinho

[arXiv:2303.04062, Submitted to JHEP]

Federico Betti on behalf of LHCb Moriond EW 2023 - 20/03/2023

Search for local  violation in CP D+
(s) → K−K+K+

• Multibody decays: local  asymmetries possibly larger than integrated ones


• : Cabibbo-suppressed  might show  violation


• : Doubly-Cabibbo-suppressed  no  violation in SM
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Federico Betti on behalf of LHCb Moriond EW 2023 - 20/03/2023

Search for local  violation in CP D+
(s) → K−K+K+

• Multibody decays: local  asymmetries possibly larger than integrated ones


• : Cabibbo-suppressed  might show  violation
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arXiv:2303.04062
MULTIBODY DECAYS: LOCAL ANISOTROPIES CAN ENHANCE SENSITIVITY TO CP VIOLATION

D+
s ! K�K+K+ :

<latexit sha1_base64="fXqwV6G4GxycLQctjbU4hsqo0sM=">AAACA3icdVDLSgMxFM3UV62vUXe6CRZBKA6TdhyLq4IuBDcV7AP6IpOmbWjmQZIRylBw46+4caGIW3/CnX9j+hBU9MCBw7n3kpzjRZxJZdsfRmphcWl5Jb2aWVvf2Nwyt3eqMowFoRUS8lDUPSwpZwGtKKY4rUeCYt/jtOYNzyfz2i0VkoXBjRpFtOXjfsB6jGClrY65d9FOcuNOIsewqUJ41T7WzE141jGztlVwUTF/Am3LcW1UQFq4Tt51CxBZ9hRZMEe5Y743uyGJfRoowrGUDWRHqpVgoRjhdJxpxpJGmAxxnza0DLBPZSuZZhjDQ+10YS8UmoGCU/f7RYJ9KUe+pzd9rAby92xi/jVrxKpXbCUsiGJFAzJ7qBdzqNNOCoFdJihRfKQFJoLpv0IywAITpWvL6BK+ksL/RTVvIdtC10625MzrSIN9cACOAAKnoAQuQRlUAAF34AE8gWfj3ng0XozX2WrKmN/sgh8w3j4BO+6V6g==</latexit><latexit sha1_base64="fXqwV6G4GxycLQctjbU4hsqo0sM=">AAACA3icdVDLSgMxFM3UV62vUXe6CRZBKA6TdhyLq4IuBDcV7AP6IpOmbWjmQZIRylBw46+4caGIW3/CnX9j+hBU9MCBw7n3kpzjRZxJZdsfRmphcWl5Jb2aWVvf2Nwyt3eqMowFoRUS8lDUPSwpZwGtKKY4rUeCYt/jtOYNzyfz2i0VkoXBjRpFtOXjfsB6jGClrY65d9FOcuNOIsewqUJ41T7WzE141jGztlVwUTF/Am3LcW1UQFq4Tt51CxBZ9hRZMEe5Y743uyGJfRoowrGUDWRHqpVgoRjhdJxpxpJGmAxxnza0DLBPZSuZZhjDQ+10YS8UmoGCU/f7RYJ9KUe+pzd9rAby92xi/jVrxKpXbCUsiGJFAzJ7qBdzqNNOCoFdJihRfKQFJoLpv0IywAITpWvL6BK+ksL/RTVvIdtC10625MzrSIN9cACOAAKnoAQuQRlUAAF34AE8gWfj3ng0XozX2WrKmN/sgh8w3j4BO+6V6g==</latexit><latexit sha1_base64="fXqwV6G4GxycLQctjbU4hsqo0sM=">AAACA3icdVDLSgMxFM3UV62vUXe6CRZBKA6TdhyLq4IuBDcV7AP6IpOmbWjmQZIRylBw46+4caGIW3/CnX9j+hBU9MCBw7n3kpzjRZxJZdsfRmphcWl5Jb2aWVvf2Nwyt3eqMowFoRUS8lDUPSwpZwGtKKY4rUeCYt/jtOYNzyfz2i0VkoXBjRpFtOXjfsB6jGClrY65d9FOcuNOIsewqUJ41T7WzE141jGztlVwUTF/Am3LcW1UQFq4Tt51CxBZ9hRZMEe5Y743uyGJfRoowrGUDWRHqpVgoRjhdJxpxpJGmAxxnza0DLBPZSuZZhjDQ+10YS8UmoGCU/f7RYJ9KUe+pzd9rAby92xi/jVrxKpXbCUsiGJFAzJ7qBdzqNNOCoFdJihRfKQFJoLpv0IywAITpWvL6BK+ksL/RTVvIdtC10625MzrSIN9cACOAAKnoAQuQRlUAAF34AE8gWfj3ng0XozX2WrKmN/sgh8w3j4BO+6V6g==</latexit><latexit sha1_base64="fXqwV6G4GxycLQctjbU4hsqo0sM=">AAACA3icdVDLSgMxFM3UV62vUXe6CRZBKA6TdhyLq4IuBDcV7AP6IpOmbWjmQZIRylBw46+4caGIW3/CnX9j+hBU9MCBw7n3kpzjRZxJZdsfRmphcWl5Jb2aWVvf2Nwyt3eqMowFoRUS8lDUPSwpZwGtKKY4rUeCYt/jtOYNzyfz2i0VkoXBjRpFtOXjfsB6jGClrY65d9FOcuNOIsewqUJ41T7WzE141jGztlVwUTF/Am3LcW1UQFq4Tt51CxBZ9hRZMEe5Y743uyGJfRoowrGUDWRHqpVgoRjhdJxpxpJGmAxxnza0DLBPZSuZZhjDQ+10YS8UmoGCU/f7RYJ9KUe+pzd9rAby92xi/jVrxKpXbCUsiGJFAzJ7qBdzqNNOCoFdJihRfKQFJoLpv0IywAITpWvL6BK+ksL/RTVvIdtC10625MzrSIN9cACOAAKnoAQuQRlUAAF34AE8gWfj3ng0XozX2WrKmN/sgh8w3j4BO+6V6g==</latexit>

D+ ! K�K+K+ :
<latexit sha1_base64="I9Fc9TJ9htzcbpqeUME2M7p9irs=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARhGJI2hiLq4IuBDcV7APatEym03bo5MHMRCixC3/FjQtF3Pob7vwbJ20FFT1w4XDOvdx7jxcxKqRpfmiZhcWl5ZXsam5tfWNzS9/eqYsw5pjUcMhC3vSQIIwGpCapZKQZcYJ8j5GGNzpP/cYt4YKGwY0cR8T10SCgfYqRVFJX37voJIUJbMsQXnWOVRXSOuvqedMoOVa5eAJNw3ZMq2Qp4thFxylByzCnyIM5ql39vd0LceyTQGKGhGhZZiTdBHFJMSOTXDsWJEJ4hAakpWiAfCLcZHr/BB4qpQf7IVcVSDhVv08kyBdi7Huq00dyKH57qfiX14plv+wmNIhiSQI8W9SPGVTfpmHAHuUESzZWBGFO1a0QDxFHWKrIciqEr0/h/6ReNCzTsK7tfMWex5EF++AAHAELnIIKuARVUAMY3IEH8ASetXvtUXvRXmetGW0+swt+QHv7BMjGk/g=</latexit><latexit sha1_base64="I9Fc9TJ9htzcbpqeUME2M7p9irs=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARhGJI2hiLq4IuBDcV7APatEym03bo5MHMRCixC3/FjQtF3Pob7vwbJ20FFT1w4XDOvdx7jxcxKqRpfmiZhcWl5ZXsam5tfWNzS9/eqYsw5pjUcMhC3vSQIIwGpCapZKQZcYJ8j5GGNzpP/cYt4YKGwY0cR8T10SCgfYqRVFJX37voJIUJbMsQXnWOVRXSOuvqedMoOVa5eAJNw3ZMq2Qp4thFxylByzCnyIM5ql39vd0LceyTQGKGhGhZZiTdBHFJMSOTXDsWJEJ4hAakpWiAfCLcZHr/BB4qpQf7IVcVSDhVv08kyBdi7Huq00dyKH57qfiX14plv+wmNIhiSQI8W9SPGVTfpmHAHuUESzZWBGFO1a0QDxFHWKrIciqEr0/h/6ReNCzTsK7tfMWex5EF++AAHAELnIIKuARVUAMY3IEH8ASetXvtUXvRXmetGW0+swt+QHv7BMjGk/g=</latexit><latexit sha1_base64="I9Fc9TJ9htzcbpqeUME2M7p9irs=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARhGJI2hiLq4IuBDcV7APatEym03bo5MHMRCixC3/FjQtF3Pob7vwbJ20FFT1w4XDOvdx7jxcxKqRpfmiZhcWl5ZXsam5tfWNzS9/eqYsw5pjUcMhC3vSQIIwGpCapZKQZcYJ8j5GGNzpP/cYt4YKGwY0cR8T10SCgfYqRVFJX37voJIUJbMsQXnWOVRXSOuvqedMoOVa5eAJNw3ZMq2Qp4thFxylByzCnyIM5ql39vd0LceyTQGKGhGhZZiTdBHFJMSOTXDsWJEJ4hAakpWiAfCLcZHr/BB4qpQf7IVcVSDhVv08kyBdi7Huq00dyKH57qfiX14plv+wmNIhiSQI8W9SPGVTfpmHAHuUESzZWBGFO1a0QDxFHWKrIciqEr0/h/6ReNCzTsK7tfMWex5EF++AAHAELnIIKuARVUAMY3IEH8ASetXvtUXvRXmetGW0+swt+QHv7BMjGk/g=</latexit><latexit sha1_base64="I9Fc9TJ9htzcbpqeUME2M7p9irs=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARhGJI2hiLq4IuBDcV7APatEym03bo5MHMRCixC3/FjQtF3Pob7vwbJ20FFT1w4XDOvdx7jxcxKqRpfmiZhcWl5ZXsam5tfWNzS9/eqYsw5pjUcMhC3vSQIIwGpCapZKQZcYJ8j5GGNzpP/cYt4YKGwY0cR8T10SCgfYqRVFJX37voJIUJbMsQXnWOVRXSOuvqedMoOVa5eAJNw3ZMq2Qp4thFxylByzCnyIM5ql39vd0LceyTQGKGhGhZZiTdBHFJMSOTXDsWJEJ4hAakpWiAfCLcZHr/BB4qpQf7IVcVSDhVv08kyBdi7Huq00dyKH57qfiX14plv+wmNIhiSQI8W9SPGVTfpmHAHuUESzZWBGFO1a0QDxFHWKrIciqEr0/h/6ReNCzTsK7tfMWex5EF++AAHAELnIIKuARVUAMY3IEH8ASetXvtUXvRXmetGW0+swt+QHv7BMjGk/g=</latexit>

CABIBBO-SUPPRESSED        MIGHT MANIFEST CP VIOLATION EFFECTS!
<latexit sha1_base64="orpA5Z67dWw/zBla9pwTYwff1YI=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgaZmNGzfHgBePEcwDkiXMTibJkNmdZaZXCSGf4cWDIl79Gm/+jZOHoKIFDUVVN91dUSqFAUI+nNza+sbmVn67sLO7t39QPDxqGpVpxhtMSaXbETVcioQ3QIDk7VRzGkeSt6Lx1dxv3XFthEpuYZLyMKbDRAwEo2ClTleL4Qio1uq+VywRNyCkXC5j4pLKRaXqz4kfkOASey5ZoIRWqPeK792+YlnME2CSGtPxSArhlGoQTPJZoZsZnlI2pkPesTShMTfhdHHyDJ9ZpY8HSttKAC/U7xNTGhsziSPbGVMYmd/eXPzL62QwqIZTkaQZ8IQtFw0yiUHh+f+4LzRnICeWUKaFvRWzEdWUgU2pYEP4+hT/T5pl1yOud+OXav4qjjw6QafoHHkoQDV0jeqogRhS6AE9oWcHnEfnxXldtuac1cwx+gHn7RMX1ZG9</latexit><latexit sha1_base64="orpA5Z67dWw/zBla9pwTYwff1YI=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgaZmNGzfHgBePEcwDkiXMTibJkNmdZaZXCSGf4cWDIl79Gm/+jZOHoKIFDUVVN91dUSqFAUI+nNza+sbmVn67sLO7t39QPDxqGpVpxhtMSaXbETVcioQ3QIDk7VRzGkeSt6Lx1dxv3XFthEpuYZLyMKbDRAwEo2ClTleL4Qio1uq+VywRNyCkXC5j4pLKRaXqz4kfkOASey5ZoIRWqPeK792+YlnME2CSGtPxSArhlGoQTPJZoZsZnlI2pkPesTShMTfhdHHyDJ9ZpY8HSttKAC/U7xNTGhsziSPbGVMYmd/eXPzL62QwqIZTkaQZ8IQtFw0yiUHh+f+4LzRnICeWUKaFvRWzEdWUgU2pYEP4+hT/T5pl1yOud+OXav4qjjw6QafoHHkoQDV0jeqogRhS6AE9oWcHnEfnxXldtuac1cwx+gHn7RMX1ZG9</latexit><latexit sha1_base64="orpA5Z67dWw/zBla9pwTYwff1YI=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgaZmNGzfHgBePEcwDkiXMTibJkNmdZaZXCSGf4cWDIl79Gm/+jZOHoKIFDUVVN91dUSqFAUI+nNza+sbmVn67sLO7t39QPDxqGpVpxhtMSaXbETVcioQ3QIDk7VRzGkeSt6Lx1dxv3XFthEpuYZLyMKbDRAwEo2ClTleL4Qio1uq+VywRNyCkXC5j4pLKRaXqz4kfkOASey5ZoIRWqPeK792+YlnME2CSGtPxSArhlGoQTPJZoZsZnlI2pkPesTShMTfhdHHyDJ9ZpY8HSttKAC/U7xNTGhsziSPbGVMYmd/eXPzL62QwqIZTkaQZ8IQtFw0yiUHh+f+4LzRnICeWUKaFvRWzEdWUgU2pYEP4+hT/T5pl1yOud+OXav4qjjw6QafoHHkoQDV0jeqogRhS6AE9oWcHnEfnxXldtuac1cwx+gHn7RMX1ZG9</latexit><latexit sha1_base64="orpA5Z67dWw/zBla9pwTYwff1YI=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgaZmNGzfHgBePEcwDkiXMTibJkNmdZaZXCSGf4cWDIl79Gm/+jZOHoKIFDUVVN91dUSqFAUI+nNza+sbmVn67sLO7t39QPDxqGpVpxhtMSaXbETVcioQ3QIDk7VRzGkeSt6Lx1dxv3XFthEpuYZLyMKbDRAwEo2ClTleL4Qio1uq+VywRNyCkXC5j4pLKRaXqz4kfkOASey5ZoIRWqPeK792+YlnME2CSGtPxSArhlGoQTPJZoZsZnlI2pkPesTShMTfhdHHyDJ9ZpY8HSttKAC/U7xNTGhsziSPbGVMYmd/eXPzL62QwqIZTkaQZ8IQtFw0yiUHh+f+4LzRnICeWUKaFvRWzEdWUgU2pYEP4+hT/T5pl1yOud+OXav4qjjw6QafoHHkoQDV0jeqogRhS6AE9oWcHnEfnxXldtuac1cwx+gHn7RMX1ZG9</latexit>

DOUBLY-CABIBBO-SUPPRESSED        NO CP VIOLATION IN THE SM!
<latexit sha1_base64="orpA5Z67dWw/zBla9pwTYwff1YI=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgaZmNGzfHgBePEcwDkiXMTibJkNmdZaZXCSGf4cWDIl79Gm/+jZOHoKIFDUVVN91dUSqFAUI+nNza+sbmVn67sLO7t39QPDxqGpVpxhtMSaXbETVcioQ3QIDk7VRzGkeSt6Lx1dxv3XFthEpuYZLyMKbDRAwEo2ClTleL4Qio1uq+VywRNyCkXC5j4pLKRaXqz4kfkOASey5ZoIRWqPeK792+YlnME2CSGtPxSArhlGoQTPJZoZsZnlI2pkPesTShMTfhdHHyDJ9ZpY8HSttKAC/U7xNTGhsziSPbGVMYmd/eXPzL62QwqIZTkaQZ8IQtFw0yiUHh+f+4LzRnICeWUKaFvRWzEdWUgU2pYEP4+hT/T5pl1yOud+OXav4qjjw6QafoHHkoQDV0jeqogRhS6AE9oWcHnEfnxXldtuac1cwx+gHn7RMX1ZG9</latexit><latexit sha1_base64="orpA5Z67dWw/zBla9pwTYwff1YI=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgaZmNGzfHgBePEcwDkiXMTibJkNmdZaZXCSGf4cWDIl79Gm/+jZOHoKIFDUVVN91dUSqFAUI+nNza+sbmVn67sLO7t39QPDxqGpVpxhtMSaXbETVcioQ3QIDk7VRzGkeSt6Lx1dxv3XFthEpuYZLyMKbDRAwEo2ClTleL4Qio1uq+VywRNyCkXC5j4pLKRaXqz4kfkOASey5ZoIRWqPeK792+YlnME2CSGtPxSArhlGoQTPJZoZsZnlI2pkPesTShMTfhdHHyDJ9ZpY8HSttKAC/U7xNTGhsziSPbGVMYmd/eXPzL62QwqIZTkaQZ8IQtFw0yiUHh+f+4LzRnICeWUKaFvRWzEdWUgU2pYEP4+hT/T5pl1yOud+OXav4qjjw6QafoHHkoQDV0jeqogRhS6AE9oWcHnEfnxXldtuac1cwx+gHn7RMX1ZG9</latexit><latexit sha1_base64="orpA5Z67dWw/zBla9pwTYwff1YI=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgaZmNGzfHgBePEcwDkiXMTibJkNmdZaZXCSGf4cWDIl79Gm/+jZOHoKIFDUVVN91dUSqFAUI+nNza+sbmVn67sLO7t39QPDxqGpVpxhtMSaXbETVcioQ3QIDk7VRzGkeSt6Lx1dxv3XFthEpuYZLyMKbDRAwEo2ClTleL4Qio1uq+VywRNyCkXC5j4pLKRaXqz4kfkOASey5ZoIRWqPeK792+YlnME2CSGtPxSArhlGoQTPJZoZsZnlI2pkPesTShMTfhdHHyDJ9ZpY8HSttKAC/U7xNTGhsziSPbGVMYmd/eXPzL62QwqIZTkaQZ8IQtFw0yiUHh+f+4LzRnICeWUKaFvRWzEdWUgU2pYEP4+hT/T5pl1yOud+OXav4qjjw6QafoHHkoQDV0jeqogRhS6AE9oWcHnEfnxXldtuac1cwx+gHn7RMX1ZG9</latexit><latexit sha1_base64="orpA5Z67dWw/zBla9pwTYwff1YI=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgaZmNGzfHgBePEcwDkiXMTibJkNmdZaZXCSGf4cWDIl79Gm/+jZOHoKIFDUVVN91dUSqFAUI+nNza+sbmVn67sLO7t39QPDxqGpVpxhtMSaXbETVcioQ3QIDk7VRzGkeSt6Lx1dxv3XFthEpuYZLyMKbDRAwEo2ClTleL4Qio1uq+VywRNyCkXC5j4pLKRaXqz4kfkOASey5ZoIRWqPeK792+YlnME2CSGtPxSArhlGoQTPJZoZsZnlI2pkPesTShMTfhdHHyDJ9ZpY8HSttKAC/U7xNTGhsziSPbGVMYmd/eXPzL62QwqIZTkaQZ8IQtFw0yiUHh+f+4LzRnICeWUKaFvRWzEdWUgU2pYEP4+hT/T5pl1yOud+OXav4qjjw6QafoHHkoQDV0jeqogRhS6AE9oWcHnEfnxXldtuac1cwx+gHn7RMX1ZG9</latexit>

PARTIAL RUN2 DATA (2016/17/18) 
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Search for CP violation charm three-body decays

R. Silva Coutinho

[arXiv:2303.04062, Submitted to JHEP]

DALITZ PLOT DIVIDED IN 21 BINS (INSPIRED IN THE UNDERLYING DYNAMICS)

Federico Betti on behalf of LHCb Moriond EW 2023 - 20/03/2023

Search for local  violation in CP D+
(s) → K−K+K+

• Dalitz plot divided in 21 bins that reproduce the pattern of the main resonances (  constant strong phase)


• Miranda method:  test to compare Dalitz distributions of  and  (yields obtained by mass fit in 
each bin)


• Control samples: Cabibbo-favoured   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• Sensitivity studies: possible observation of  violation if 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VARIATION OF THE SIMPLE ANISOTROPY FORMULA

Federico Betti on behalf of LHCb Moriond EW 2023 - 20/03/2023
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NO LOCAL CP 
VIOLATION OBSERVED

[PRD 78 (2008) 051102, PRD 80 (2009) 096006]
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FLAVOR-TAGGED TIME-DEPENDENT ANGULAR ANALYSIS OF THE DECAY

CP violation in                     decaysB0
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CP VIOLATION ARISES FROM THE INTERFERENCE BETWEEN DECAY AND MIXING, 
CHARACTERIZED BY PHASE           AND        PARAMETER�ss̄s
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SM PREDICTS NO DEPENDENCE ON THE  POLARIZATION

Rencontres de Moriond, 27th March 2023

Motivation 

• CP violation observables from flavor-tagged time-dependent  angular analysis  
Ø CP violating phase ��,�

��� and direct CP violation parameter �� = | ��
��

| 
Ø SM predictions: ��,� 

��� ≈ 0  and �� ≈ 1 for � = 0,   ⊥ ,   ∥
Ø Polarization-independent fit: common ��

��� and � for different Polarization

• ��
0 → �� is a golden channel to study CP 

violation in � → � decays
Ø Tiny CP violation expected in the SM
Ø Sensitive to NP in ��

0 mixing and � → � decay

• Pol-independent  results with Run 1 and 2015+2016 data  [JHEP 12 (2019) 155]

• Blind analysis with full Run 2 data, and make a combination with Run 1 results

2

13

 violation in CP B0
s → ϕϕ

•Motivations: 
The SM predicts CPV to be suppressed in this channel

Any CPV enhancement would point to new physics 
in the  mixing or in the penguin-mediated  decay


•Caveat: angular analysis needed to disentangle the three 
polarisation states of  decays 

‣ (0, CP even), (||, CP even), ( , CP odd)


•Target  observables: ,  
The SM predicts no dependance of the  observables 
on the polarisation

‣  phase:  

‣ Direct  violation parameter: 


•Data: 
Run2 data ( )

Results are then combined with Run1 measurements 
(additional )

B0
s b → s

B → VV
⊥

CP ϕs,i |λi |
CP

CP ϕi = ϕss̄s
s ≈ 0

CP |λi | = |Ai /Ai | = |λ | ≈ 1

6 fb−1

3 fb−1

No CPV in mixing

λi ≡ ηi
q
p

Ai

Ai
= |λi|e−iϕs,i

|B0
s,H(L)⟩ = |B0

s ⟩ p ± |B0
s⟩ q

Ai = ⟨ fi|HW|B0
s ⟩

Ai = ⟨ fi|HW|B0
s⟩

i ∈ { 0, ∥ , ⊥ }
η0,∥(⊥) = ± 1

Analysis method 

• An angular analysis is needed to disentangle 
three polarization states of � → �� decays: 
Ø Longitudinal (0, CP even), parallel (∥, CP even) 

and perpendicular (⊥, CP odd)  

3

• For each CP eigenstate ��,  determine CPV phase �� and direct CPV 
parameter|��| in the time-dependent CP asymmetry

���,� � ≡
Γ � → ��  � − Γ �→ ��  � 
Γ � → ��  � + Γ �→ ��  � 

  =
−��cos Δ�� + ��sin Δ��

cosh
ΔΓ�
2 −��sinh

ΔΓ�
2

�� =
1−|��|2

1+|��|2
 , �� =

2ℑ��
1+|��|2

, �� =
2ℜ��

1+|��|2
 �� ≡ ��

�
�
 
���

���

= |��|�−��� 

• Key analysis steps 
Ø Flavour tagging calibration and time resolution calibration
Ø Modelling of angular acceptance and decay time acceptance   

χ
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• Key analysis steps 
Ø Flavour tagging calibration and time resolution calibration
Ø Modelling of angular acceptance and decay time acceptance   
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ANGULAR ANALYSIS REQUIRED TO DISENTANGLE THE THREE POLARIZATIONS  OF                    DECAYS B ! V V
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CP violation in                     decaysB0
s ! ��
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Figure 1: (a) Mass distribution of the B0
s ! �� candidates, superimposed by the fit projections.

(b-d) Background-subtracted distributions of angular variables and decay time, superimposed by
the fit projections. Here cos ✓ is randomly chosen from cos ✓1 and cos ✓2. The angles ✓1, ✓2 and
� are defined in the text.

distribution, a signal weight is assigned to each candidate using the sPlot method [37].93

These signal weights are used in the subsequent maximum likelihood fit [38] to the94

decay-time and angular distributions in order to statistically subtract the background95

contribution.96

The decay of a B0
s meson to the K+K�K+K� final state can proceed via the ��, �f097

and f0f0 intermediate states. Due to the small phase space of the decay f0 ! K+K�
98

and the narrow K+K� mass window used to select the � candidates, the latter two99

contributions are highly suppressed and found to be negligible from an angular fit that100

accounts for these contributions. Thus in the subsequent analysis, only the B0
s ! �� decay101

is considered. The di↵erential decay rate is written as the sum of six terms, corresponding102

to contributions from the three polarization states and their interferences,103

d4�(t, ~⌦)

dtd~⌦
/

6X

k=1

hk(t)fk(~⌦) , (1)

where t is the decay time of the B0
s meson, and ~⌦ = (✓1, ✓2,�) denotes the helicity angles104

of the two K+ mesons in the corresponding � rest frame and the angle between the two105

� ! K+K� decay planes. The angular functions fk(~⌦) are defined in Ref. [18]. The106
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Table 2: Systematic uncertainties (in units of 10�3) for physics parameters in the
polarization-independent fit.

Source �sss
s [ rad] |�| |A0|2 |A?|2 �k � �0 [ rad] �? � �0 [ rad]

Time resolution 4.9 2.6 0.8 0.8 0.1 3.4
Flavor tagging 4.8 4.7 0.9 1.3 1.2 9.7
Angular acceptance 3.9 4.9 1.4 1.7 4.7 1.2
Time acceptance 2.3 1.7 0.1 0.1 5.6 0.7
Mass fit & factorization 2.2 4.4 1.9 2.3 2.3 2.5
MC truth match 1.1 0.2 0.1 0.1 0.2 0.3
Fit bias 0.8 0.7 0.9 0.3 3.6 0.7
Candidate multiplicity 0.3 0.2 0.1 0.8 0.2 0.1
Total 8.8 8.6 2.7 3.3 8.5 10.7

The polarization-independent measurements of the CP -violation parameters �sss
s and227

|�| in B0
s ! �� decays presented here are combined with the LHCb Run 1 measurements,228

�sss
s = �0.17 ± 0.15 (stat) ± 0.03 (syst) rad and |�| = 1.04± 0.07 (stat)± 0.03 (syst) [17]229

using the procedure described in Ref. [42]. In the combination, those systematic230

uncertainties that arise from the same origin are taken to be completely correlated between231

the Run 1 and Run 2 results. The combined values of the CP -violation parameters are232

�sss
s = �0.074± 0.069 rad and |�| = 1.009± 0.030, with a correlation coe�cient of �0.02.233

This is the most precise measurement of CP violation in B0
s ! �� decays to date, as is234

illustrated in Fig. 2.235

A polarization-dependent fit is performed using the same data set, where the �s,i236

and �i parameters can take di↵erent values for the three polarization states. To reduce237

parameter correlations in the fit, the phase di↵erences, �s,k � �s,0 and �s,? � �s,0, and238

ratios, |�?/�0| and |�k/�0|, are used as fit parameters. The measured values are239

Figure 2: Comparison of �sss
s measurements from this and previous analyses [16–18] by the

LHCb collaboration. The vertical band indicates the SM prediction [6, 7, 9].
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RUN 2 DATA, WHICH LATER IS COMBINED WITH RUN 1 RESULTS 

�s,0 = �0.18± 0.09 rad , |�0| = 1.02± 0.17 ,

�s,k � �s,0 = 0.12± 0.09 rad , |�?/�0| = 0.97± 0.22 , (4)

�s,? � �s,0 = 0.17± 0.09 rad , |�k/�0| = 0.78± 0.21 ,

where the uncertainties are statistical only. No significant di↵erence of CP violation240

between di↵erent polarization states is observed.241

In conclusion, a measurement of the polarization-independent CP -violation observables242

in B0
s ! �� decays is performed using data collected with the LHCb detector in 2015–2018,243

corresponding to a total integrated luminosity of 6 fb�1. The results are244

�sss
s = �0.042± 0.075± 0.009 rad ,

|�| = 1.004± 0.030± 0.009 ,
(5)

where the first uncertainties are statistical and the second systematic. These results are245

combined with the LHCb measurements based on data taken in 2011 and 2012 to obtain246

�sss
s = �0.074± 0.069 rad and |�| = 1.009± 0.030. This is the most precise measurement247

of time-dependent CP asymmetry in the decay B0
s ! �� and in any penguin-dominated248

B meson decay. The measurement is consistent with and supersedes the measurement in249

Ref. [18], and agrees with the SM expectation of tiny CP violation. For the first time, the250

polarization-dependent CP -violation parameters are measured, which show no significant251

di↵erence between the three polarization states of B0
s ! �� decays. These results can be252

used to constrain new physics contributions in b ! s transitions [12–14].253
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NO DIFFERENCE OBSERVED BETWEEN POLARIZATIONS 

MOST PRECISE MEASUREMENT TO DATE, IN AGREEMENT WITH THE SM



LHCb HIGHLIGHTS

Lepton Flavor Universality?

A long stand anomaly
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[Results in neutral currents in the backup]
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IN THE STANDARD MODEL, ELECTROWEAK COUPLINGS TO EACH LEPTON GENERATION 
ARE IDENTICAL (EXCEPT YUKAWA) 


COUPLINGS AFFECTED BY NEW PHYSICS (NP) CONTRIBUTIONS 


RATIO OF BRANCHING RATIO IDEAL LFU PROBES

Lepton Flavor Universality as a probe for New Physics

R(Hc) =
B(Hb ! Hc⌧⌫⌧ )

B(Hb ! Hc`
0⌫`0 )

<latexit sha1_base64="gZW/VUzyBRoVoBDre/olmfLvLPc="></latexit><latexit sha1_base64="gZW/VUzyBRoVoBDre/olmfLvLPc="></latexit><latexit sha1_base64="gZW/VUzyBRoVoBDre/olmfLvLPc="></latexit><latexit sha1_base64="gZW/VUzyBRoVoBDre/olmfLvLPc="></latexit>

SlideManuel Franco Sevilla Challenges to Lepton Flavor Universality from LHCb and the B factories

Charged LFU (  transitions)b → cτν

20

τ−, μ−, e−

ν̄τ, ν̄μ, ν̄e

b c

W−

" (D*)SM = 0.258 ± 0.005

" (D)SM = 0.299 ± 0.003

Very solid SM predictions with 
just 1-2% uncertainty

Ratios of branching fractions to 
cancel out uncertainties

ℛ (D(*)) =
ℬ (B̄ → D(*)τντ)
ℬ (B̄ → D(*)ℓνℓ)

with ℓ = μ, e
ℛ (D(*)) ≡ ℛ (D)  or ℛ (D*)Tree diagram in 

SM → high rate

⌧�
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B
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q̄

b
c

D, D*
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b
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Any established deviations would be 
clear indications of BSM physics
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`0 = µ (LHCb)

<latexit sha1_base64="jMc6f7+JCH6jf01ijFAc9yWtHAk="></latexit>

`0 = e/µ (B-factories)
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Lepton Flavor Universality as a probe for New Physics

*)D(R
0.1 0.2 0.3 0.4

BaBar hadronic tag
PRL 109 (2012) 101802

 0.018± 0.024 ±0.332 

Belle hadronic tag
PRD 92 (2015) 072014

 0.015± 0.038 ±0.293 

Belle SL tag
PRL 124 (2020) 161803

 0.014± 0.018 ±0.283 

Belle 1-prong
PRL 118 (2017) 211801

 0.027± 0.035 ±0.270 

LHCb muonic
PRL 115 (2015) 111803

 0.030± 0.027 ±0.336 

LHCb 3-prong
PRL 120 (2018) 171802

 0.029± 0.019 ±0.283 

LHCb average
 0.022± 0.016 ±0.305 

SM prediction by HFLAV
with inputs from
PRD 95 (2017) 115008
JHEP 12 (2017) 060
PLB 795 (2019) 386
PRL 123 (2019) 091801
EPJC 80 (2020) 74

 0.005±0.254 

)ψJ/(R
-0.5 0 0.5 1

)ψLHCb R(J/
PRL 120 (2018) 121801

 0.18± 0.17 ±0.71 

SM prediction
PRL 125 (2020) 222003

 0.0038±0.2582 

)c+Λ(R
0.2 0.3 0.4 0.5

)c
+ΛLHCb R(

LHCb-PAPER-2021-044
 0.059± 0.040 ± 0.026 ±0.242 

SM prediction
PRD 99 (2019) 055008

 0.004±0.324 

Lepton Universality (part 2 - semileptonic decays) 31

<latexit sha1_base64="6yKuLx2s3n1R5phsHMWUJvEUx+I="></latexit>

R(Hc) =
B(Hb ! Hc⌧⌫)

B(Hb ! Hc`⌫)

▸ Use muonic decay of the tau

<latexit sha1_base64="WC7f5TyhOFDeTxbxWpMzBzB/yEo="></latexit>

B(⌧ ! 3⇡⌫) = (9.31± 0.05)%
<latexit sha1_base64="7Nq2N5Rldsggaw2hDmIgbl+cirs="></latexit>

B(⌧ ! 3⇡⇡0⌫) = (4.62± 0.05)%

<latexit sha1_base64="4ihmiwPqi2eHHty0p/jpGPM1m+c="></latexit>

B(⌧ ! µ⌫̄⌫) = (17.39± 0.04)%

▸ Use hadronic (3-prong) decay of the tau

▸ LHCb measurements:

▸ Extract directly
▸ Three missing neutrinos: approximate Hb 

kinematics, backgrounds, low-pT muonID

▸ Templated fits to kinematic variables in signal 
& control regions

▸ Reconstruct tau vertex: better 
constrained kinematics

▸ Normalise with hadronic final states - external 
inputs for

<latexit sha1_base64="Vw47E+lvfRYO+UJ3IGKYST5vKKw=">AAAB7XicdVDLSgMxFM34rPVVdekmWIS6GWba6eiy6KbLKvYB7VAyaaaNzSRDkhHK0H9w40IRt/6PO//G9CGo6IELh3Pu5d57woRRpR3nw1pZXVvf2Mxt5bd3dvf2CweHLSVSiUkTCyZkJ0SKMMpJU1PNSCeRBMUhI+1wfDXz2/dEKir4rZ4kJIjRkNOIYqSN1Lop1fv4rF8oOrbn+ZVyGRril/2qtyAVrwpd25mjCJZo9AvvvYHAaUy4xgwp1XWdRAcZkppiRqb5XqpIgvAYDUnXUI5iooJsfu0UnhplACMhTXEN5+r3iQzFSk3i0HTGSI/Ub28m/uV1Ux1dBBnlSaoJx4tFUcqgFnD2OhxQSbBmE0MQltTcCvEISYS1CShvQvj6FP5PWmXb9W3v2ivWLpdx5MAxOAEl4IJzUAN10ABNgMEdeABP4NkS1qP1Yr0uWles5cwR+AHr7RPihY60</latexit>

R(Hc)
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Hb

R(Xc) measurements at LHCb

• These semileptonic measurements are complicated
• Presence of neutrinos
• No narrow signal peaks to fit to
• A number of di↵erent background sources

• Nevertheless, we have been extremely successful at LHCb!
• Many R(Xc) measurements; some are exclusive to LHCb

[PRL 120, 121801 (2018), PRL 128, 191803 (2022)]

Resmi P K (Oxford) CERN Seminar 6

SlideManuel Franco Sevilla Challenges to Lepton Flavor Universality from LHCb and the B factories

Current results

25

Even a 5σ on  would not be 
sufficient to convince ourselves of NP 

➡ Indirect measurement with broad signal 
distributions due to multiple ν in final state
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d

LHCb has a unique ability to study  
transitions because  production at the LHC 

hadronizes into all species of b-hadrons

b → cτν
bb̄

b
c

⌧�

⌫⌧

"(D(*))

ū, d̄
ū, d̄ D(*)

B0,±

LHCb already published first non-
 measurement 

,  
1.8σ above SM

"(D(*))
"(J/Ψ) = 0.71 ± 0.17 ± 0.18 Phys. Rev. Lett. 120, 

121801 (2018) 
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WA

SM

              HAS A UNIQUE ABILITY TO PROBE THIS 
SECTOR SINCE ALL DIFFERENT B-HADRON 
SPECIES ARE AVAILABLE

MEASUREMENTS FROM THE B-FACTORIES 
AND LHCb AT THE > 3σ WRT THE SM
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LFU measurements at LHCbR(Xc) measurements at LHCb - two complementary ⌧ decay channels

⌧+
! µ+⌫µ⌫̄⌧

• Direct measurement of R(Xc)

• High statistics

• Backgrounds from D
+ must be

controlled well

• Sensitive to D
⇤⇤µ�⌫µ

⌧+
! ⇡+⇡�⇡+(⇡0)⌫̄⌧

B0 →D*−τ +ντ

π −

π +

π +

ντ

D0

B0

π −

p

PV

p

B0 →D*−τ +ντ
π −K +

τ +

Δz > 4σ Δz

ντ

• Measuring ⌧+ decay position key to

reject dominant backgrounds

• High purity sample

• ⌧+
! 3⇡± dynamics is very specific

) more control over backgrounds

• R(Xc) requires external inputs

• Lower statistics
Resmi P K (Oxford) CERN Seminar 7
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USE MUONIC DECAY OF THE TAU


๏ EXTRACT DIRECTLY

๏ THREE MISSING NEUTRINOS; 

APPROXIMATE  KINEMATICS

๏ TEMPLATE FITS TO KINEMATIC VARIABLES 

IN SIGNAL & CONTROL REGIONS

B(⌧ ! µ⌫⌫̄) = (17.39± 0.04)%
<latexit sha1_base64="wWSqZ+PA+ohe5P59g6mhI4v5buo="></latexit><latexit sha1_base64="wWSqZ+PA+ohe5P59g6mhI4v5buo="></latexit><latexit sha1_base64="wWSqZ+PA+ohe5P59g6mhI4v5buo="></latexit><latexit sha1_base64="wWSqZ+PA+ohe5P59g6mhI4v5buo="></latexit>

USE HADRONIC (3-PRONG) DECAY OF THE TAU


๏ RECONSTRUCT TAU VERTEX; BETTER 
CONSTRAINED KINEMATICS


๏ NORMALIZE WITH HADRONIC FINAL 
STATES - EXTERNAL INPUTS FOR 

B(⌧ ! 3⇡⌫) = (9.31± 0.05)%
<latexit sha1_base64="tDIKY1zf/lFBEdb/XgyZLHDCRpw="></latexit><latexit sha1_base64="tDIKY1zf/lFBEdb/XgyZLHDCRpw="></latexit><latexit sha1_base64="tDIKY1zf/lFBEdb/XgyZLHDCRpw="></latexit><latexit sha1_base64="tDIKY1zf/lFBEdb/XgyZLHDCRpw="></latexit>

B(⌧ ! 3⇡⇡0⌫) = (4.62± 0.05)%
<latexit sha1_base64="0CBqSioUpMBlPmH2Ep9lCLt5gcg="></latexit><latexit sha1_base64="0CBqSioUpMBlPmH2Ep9lCLt5gcg="></latexit><latexit sha1_base64="0CBqSioUpMBlPmH2Ep9lCLt5gcg="></latexit><latexit sha1_base64="0CBqSioUpMBlPmH2Ep9lCLt5gcg="></latexit>

R(Hc)
<latexit sha1_base64="KCIjB9R2T4zJF1ogMDmnTLG+8wQ=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0Wom5C0Veuu4KbLKvYBbQiT6aQdOnkwMxFKyNaNv+LGhSJu/QN3/o3TNOIDPTBw5px7ufceN2JUSNN81wpLyyura8X10sbm1vaOvrvXFWHMMengkIW87yJBGA1IR1LJSD/iBPkuIz13ejH3ezeECxoG13IWEdtH44B6FCOpJEeHydBHcoIRS67StPL1a6Wpk+D02NHLplFrmLVzC2akblZhrpxAyzAzlEGOtqO/DUchjn0SSMyQEAPLjKSdIC4pZiQtDWNBIoSnaEwGigbIJ8JOsktSeKSUEfRCrl4gYaZ+70iQL8TMd1XlfFHx25uLf3mDWHoNO6FBFEsS4MUgL2ZQhnAeCxxRTrBkM0UQ5lTtCvEEcYSlCq+kQvi8FP5PulXDMg3rsl5unuZxFMEBOAQVYIEz0AQt0AYdgMEtuAeP4Em70x60Z+1lUVrQ8p598APa6wfu25sV</latexit><latexit sha1_base64="KCIjB9R2T4zJF1ogMDmnTLG+8wQ=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0Wom5C0Veuu4KbLKvYBbQiT6aQdOnkwMxFKyNaNv+LGhSJu/QN3/o3TNOIDPTBw5px7ufceN2JUSNN81wpLyyura8X10sbm1vaOvrvXFWHMMengkIW87yJBGA1IR1LJSD/iBPkuIz13ejH3ezeECxoG13IWEdtH44B6FCOpJEeHydBHcoIRS67StPL1a6Wpk+D02NHLplFrmLVzC2akblZhrpxAyzAzlEGOtqO/DUchjn0SSMyQEAPLjKSdIC4pZiQtDWNBIoSnaEwGigbIJ8JOsktSeKSUEfRCrl4gYaZ+70iQL8TMd1XlfFHx25uLf3mDWHoNO6FBFEsS4MUgL2ZQhnAeCxxRTrBkM0UQ5lTtCvEEcYSlCq+kQvi8FP5PulXDMg3rsl5unuZxFMEBOAQVYIEz0AQt0AYdgMEtuAeP4Em70x60Z+1lUVrQ8p598APa6wfu25sV</latexit><latexit sha1_base64="KCIjB9R2T4zJF1ogMDmnTLG+8wQ=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0Wom5C0Veuu4KbLKvYBbQiT6aQdOnkwMxFKyNaNv+LGhSJu/QN3/o3TNOIDPTBw5px7ufceN2JUSNN81wpLyyura8X10sbm1vaOvrvXFWHMMengkIW87yJBGA1IR1LJSD/iBPkuIz13ejH3ezeECxoG13IWEdtH44B6FCOpJEeHydBHcoIRS67StPL1a6Wpk+D02NHLplFrmLVzC2akblZhrpxAyzAzlEGOtqO/DUchjn0SSMyQEAPLjKSdIC4pZiQtDWNBIoSnaEwGigbIJ8JOsktSeKSUEfRCrl4gYaZ+70iQL8TMd1XlfFHx25uLf3mDWHoNO6FBFEsS4MUgL2ZQhnAeCxxRTrBkM0UQ5lTtCvEEcYSlCq+kQvi8FP5PulXDMg3rsl5unuZxFMEBOAQVYIEz0AQt0AYdgMEtuAeP4Em70x60Z+1lUVrQ8p598APa6wfu25sV</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="ri8C5TKSCQ8TZjHIUp1A3bmr8SM=">AAAB/nicbVBNS8NAEJ3Ur1qrRq9eFotQLyXxokfBS49V7Ae0IWy2m3bpZhN2N0IJuXrxr3jxoIg/w5v/xk0bUFsfDLx9b4adeUHCmdKO82VVNja3tnequ7W9+v7BoX1U76k4lYR2ScxjOQiwopwJ2tVMczpIJMVRwGk/mN0Ufv+BSsVica/nCfUiPBEsZARrI/k2ykYR1lOCeXaX582fVzvP/Yzk577dcFrOAmiduCVpQImOb3+OxjFJIyo04Vipoesk2suw1IxwmtdGqaIJJjM8oUNDBY6o8rLFJTk6M8oYhbE0JTRaqL8nMhwpNY8C01ksqla9QvzPG6Y6vPIyJpJUU0GWH4UpRzpGRSxozCQlms8NwUQysysiUywx0Sa8mgnBXT15nfQuWq7Tcm8dqMIJnEITXLiEa2hDB7pA4BGe4RXerCfrxXpfxlWxytyO4Q+sj2/nUZlo</latexit><latexit sha1_base64="b+/IZgh67J1E4ohmKkAlLcZuvas=">AAAB/nicdVDLSgMxFL1TX7VWHd26CRahbkqmVaw7wU2XVewD2qFk0rQNzTxIMkIZZuvGX3HjQhE/w51/Y6at+EAPXDg5515y7/EiwZXG+N3KrayurW/kNwtbxe2dXXuv2FZhLClr0VCEsusRxQQPWEtzLVg3koz4nmAdb3qZ+Z1bJhUPgxs9i5jrk3HAR5wSbaSBjZK+T/SEEpFcp2n569VI00FC0+OBXcKVWh3Xzh00Jye4ipbKKXIqeI4SLNEc2G/9YUhjnwWaCqJUz8GRdhMiNaeCpYV+rFhE6JSMWc/QgPhMucn8khQdGWWIRqE0FWg0V79PJMRXauZ7pjNbVP32MvEvrxfrUd1NeBDFmgV08dEoFkiHKIsFDblkVIuZIYRKbnZFdEIkodqEVzAhfF6K/iftasXBFecKQx4O4BDK4MAZXEADmtACCnfwAE/wbN1bj9bLIq6ctcxtH37Aev0ASCiZrQ==</latexit><latexit sha1_base64="J6dM9ExPn/yY9hLHmbkMO5ddx28=">AAACCXicdVDLSgMxFM34rPU16tJNsAh1UzKtj7oruOmyin1AO5RMmmlDMw+SjFCG2brxV9y4UMStf+DOvzEzHfGBHgicnHMv997jhJxJhdC7sbC4tLyyWlgrrm9sbm2bO7sdGUSC0DYJeCB6DpaUM5+2FVOc9kJBsedw2nWmF6nfvaFCssC/VrOQ2h4e+8xlBCstDU0YDzysJgTz+CpJyl+/ZpIMY5IcDc0SqtTqqHZuwYwcoyrMlRNoVVCGEsjRGppvg1FAIo/6inAsZd9CobJjLBQjnCbFQSRpiMkUj2lfUx97VNpxdkkCD7Uygm4g9PMVzNTvHTH2pJx5jq5MF5W/vVT8y+tHyq3bMfPDSFGfzAe5EYcqgGkscMQEJYrPNMFEML0rJBMsMFE6vKIO4fNS+D/pVCsWqliXqNQ4zeMogH1wAMrAAmegAZqgBdqAgFtwDx7Bk3FnPBjPxsu8dMHIe/bADxivH+2bmxE=</latexit><latexit sha1_base64="KCIjB9R2T4zJF1ogMDmnTLG+8wQ=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0Wom5C0Veuu4KbLKvYBbQiT6aQdOnkwMxFKyNaNv+LGhSJu/QN3/o3TNOIDPTBw5px7ufceN2JUSNN81wpLyyura8X10sbm1vaOvrvXFWHMMengkIW87yJBGA1IR1LJSD/iBPkuIz13ejH3ezeECxoG13IWEdtH44B6FCOpJEeHydBHcoIRS67StPL1a6Wpk+D02NHLplFrmLVzC2akblZhrpxAyzAzlEGOtqO/DUchjn0SSMyQEAPLjKSdIC4pZiQtDWNBIoSnaEwGigbIJ8JOsktSeKSUEfRCrl4gYaZ+70iQL8TMd1XlfFHx25uLf3mDWHoNO6FBFEsS4MUgL2ZQhnAeCxxRTrBkM0UQ5lTtCvEEcYSlCq+kQvi8FP5PulXDMg3rsl5unuZxFMEBOAQVYIEz0AQt0AYdgMEtuAeP4Em70x60Z+1lUVrQ8p598APa6wfu25sV</latexit><latexit sha1_base64="KCIjB9R2T4zJF1ogMDmnTLG+8wQ=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0Wom5C0Veuu4KbLKvYBbQiT6aQdOnkwMxFKyNaNv+LGhSJu/QN3/o3TNOIDPTBw5px7ufceN2JUSNN81wpLyyura8X10sbm1vaOvrvXFWHMMengkIW87yJBGA1IR1LJSD/iBPkuIz13ejH3ezeECxoG13IWEdtH44B6FCOpJEeHydBHcoIRS67StPL1a6Wpk+D02NHLplFrmLVzC2akblZhrpxAyzAzlEGOtqO/DUchjn0SSMyQEAPLjKSdIC4pZiQtDWNBIoSnaEwGigbIJ8JOsktSeKSUEfRCrl4gYaZ+70iQL8TMd1XlfFHx25uLf3mDWHoNO6FBFEsS4MUgL2ZQhnAeCxxRTrBkM0UQ5lTtCvEEcYSlCq+kQvi8FP5PulXDMg3rsl5unuZxFMEBOAQVYIEz0AQt0AYdgMEtuAeP4Em70x60Z+1lUVrQ8p598APa6wfu25sV</latexit><latexit sha1_base64="KCIjB9R2T4zJF1ogMDmnTLG+8wQ=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0Wom5C0Veuu4KbLKvYBbQiT6aQdOnkwMxFKyNaNv+LGhSJu/QN3/o3TNOIDPTBw5px7ufceN2JUSNN81wpLyyura8X10sbm1vaOvrvXFWHMMengkIW87yJBGA1IR1LJSD/iBPkuIz13ejH3ezeECxoG13IWEdtH44B6FCOpJEeHydBHcoIRS67StPL1a6Wpk+D02NHLplFrmLVzC2akblZhrpxAyzAzlEGOtqO/DUchjn0SSMyQEAPLjKSdIC4pZiQtDWNBIoSnaEwGigbIJ8JOsktSeKSUEfRCrl4gYaZ+70iQL8TMd1XlfFHx25uLf3mDWHoNO6FBFEsS4MUgL2ZQhnAeCxxRTrBkM0UQ5lTtCvEEcYSlCq+kQvi8FP5PulXDMg3rsl5unuZxFMEBOAQVYIEz0AQt0AYdgMEtuAeP4Em70x60Z+1lUVrQ8p598APa6wfu25sV</latexit><latexit sha1_base64="KCIjB9R2T4zJF1ogMDmnTLG+8wQ=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0Wom5C0Veuu4KbLKvYBbQiT6aQdOnkwMxFKyNaNv+LGhSJu/QN3/o3TNOIDPTBw5px7ufceN2JUSNN81wpLyyura8X10sbm1vaOvrvXFWHMMengkIW87yJBGA1IR1LJSD/iBPkuIz13ejH3ezeECxoG13IWEdtH44B6FCOpJEeHydBHcoIRS67StPL1a6Wpk+D02NHLplFrmLVzC2akblZhrpxAyzAzlEGOtqO/DUchjn0SSMyQEAPLjKSdIC4pZiQtDWNBIoSnaEwGigbIJ8JOsktSeKSUEfRCrl4gYaZ+70iQL8TMd1XlfFHx25uLf3mDWHoNO6FBFEsS4MUgL2ZQhnAeCxxRTrBkM0UQ5lTtCvEEcYSlCq+kQvi8FP5PulXDMg3rsl5unuZxFMEBOAQVYIEz0AQt0AYdgMEtuAeP4Em70x60Z+1lUVrQ8p598APa6wfu25sV</latexit><latexit sha1_base64="KCIjB9R2T4zJF1ogMDmnTLG+8wQ=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0Wom5C0Veuu4KbLKvYBbQiT6aQdOnkwMxFKyNaNv+LGhSJu/QN3/o3TNOIDPTBw5px7ufceN2JUSNN81wpLyyura8X10sbm1vaOvrvXFWHMMengkIW87yJBGA1IR1LJSD/iBPkuIz13ejH3ezeECxoG13IWEdtH44B6FCOpJEeHydBHcoIRS67StPL1a6Wpk+D02NHLplFrmLVzC2akblZhrpxAyzAzlEGOtqO/DUchjn0SSMyQEAPLjKSdIC4pZiQtDWNBIoSnaEwGigbIJ8JOsktSeKSUEfRCrl4gYaZ+70iQL8TMd1XlfFHx25uLf3mDWHoNO6FBFEsS4MUgL2ZQhnAeCxxRTrBkM0UQ5lTtCvEEcYSlCq+kQvi8FP5PulXDMg3rsl5unuZxFMEBOAQVYIEz0AQt0AYdgMEtuAeP4Em70x60Z+1lUVrQ8p598APa6wfu25sV</latexit><latexit sha1_base64="KCIjB9R2T4zJF1ogMDmnTLG+8wQ=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0Wom5C0Veuu4KbLKvYBbQiT6aQdOnkwMxFKyNaNv+LGhSJu/QN3/o3TNOIDPTBw5px7ufceN2JUSNN81wpLyyura8X10sbm1vaOvrvXFWHMMengkIW87yJBGA1IR1LJSD/iBPkuIz13ejH3ezeECxoG13IWEdtH44B6FCOpJEeHydBHcoIRS67StPL1a6Wpk+D02NHLplFrmLVzC2akblZhrpxAyzAzlEGOtqO/DUchjn0SSMyQEAPLjKSdIC4pZiQtDWNBIoSnaEwGigbIJ8JOsktSeKSUEfRCrl4gYaZ+70iQL8TMd1XlfFHx25uLf3mDWHoNO6FBFEsS4MUgL2ZQhnAeCxxRTrBkM0UQ5lTtCvEEcYSlCq+kQvi8FP5PulXDMg3rsl5unuZxFMEBOAQVYIEz0AQt0AYdgMEtuAeP4Em70x60Z+1lUVrQ8p598APa6wfu25sV</latexit>

R(Hc)
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RD(*) (muonic) measurements at LHCb

[arXiv:2303.02886, Submitted to PRL]

SIMULTANEOUS ANALYSIS OF RD AND RD* WITH RUN1 DATA USING MUONIC DECAY 

R(D(⇤)) with muonic ⌧ decays

[arXiv:2302.02886] (Submitted to PRL)

• Simultaneous measurement of R(D) and R(D⇤) with Run 1 data using
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Resmi P K (Oxford) CERN Seminar 8
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[arXiv:2302.02886] (Submitted to PRL)

• Simultaneous measurement of R(D) and R(D⇤) with Run 1 data using

muonic ⌧+
! µ+⌫µ⌫̄⌧

3D template fit to

I q
2

⌘ (pB � pD(⇤))2

I m
2
miss ⌘ (pB � pD(⇤) � pµ)2

I E
⇤
µ energy of µ

0 5 10
)4c/2 (GeVmiss

2m

 

10

20

30 310× LHCb
−µ0D

4c/2 [9.35, 12.6] GeV∈2q
 

1000 2000
 (MeV)*µE

 

10

20

30 310× 4c/2 [9.35, 12.6] GeV∈2q LHCb
−µ0D

 

0 5 10
)4c/2 (GeVmiss

2m
0

1

2

3

 
310×

 
LHCb

−µ*+D
4c/2 [9.35, 12.6] GeV∈2q

 

1000 2000
 (MeV)*µE

0

1

2

3

 
310×

 
4c/2 [9.35, 12.6] GeV∈2q LHCb

−µ*+D

 0 0

)4 c/2
C

an
di

da
te

s /
 (0

.3
 G

eV

C
an

di
da

te
s /

 (7
5 

M
eV

) )1−Data (3 fb
 ντ*D→B

ντD→B
D X(*)D→B
νµ**D→B

Comb. + misID 
νµ0D→B
νµ*0D→B
νµ*+D→B

R(D) = 0.441 ± 0.060(stat) ± 0.066(syst)

R(D⇤) = 0.281 ± 0.018(stat) ± 0.023(syst)

Agreement with SM at 1.9�

[CERN Seminar 18/10/22]
Resmi P K (Oxford) CERN Seminar 8
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๏ 1 SIGNAL REGION

๏ 3 CONTROL REGIONS ENRICHED 

IN BACKGROUND (USING 
REVERSED ISOLATION CRITERIA)

R(D(⇤)) with muonic ⌧ decays

[arXiv:2302.02886] (Submitted to PRL)
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RD* (hadronic) measurement at LHCb

[LHCb-PAPER-2022-052, In preparation]

MEASUREMENT OF RD* WITH PARTIAL RUN2 DATA (2015+16) USING HADRONIC DECAY 
Signal extraction
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3D TEMPLATE FIT TO:

Signal extraction

• 3D binned template fit to:
• q

2
⌘ (pB0 � pD⇤)2

• ⌧+ decay time
• Anti-D+

s BDT output

• 8 ⇥ 8 ⇥ 6 bins 0 5 10
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• Total 16 components in the fit
• Templates for 13 of them derived from simulation samples
• Rest of them (combinatorial backgrounds) derived from data

• Contribution from excited D
⇤⇤ states estimated from simulation and corrected

with weights calculated using theoretical inputs [Rev. Mod. Phys. 94, 015003 (2022)]
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Double-charm backgrounds

• B ! D
⇤�(D+

s ,D+,D0)X backgrounds

• B ! D
⇤�

D
+
s X the largest contributor

• A BDT classifier based on dynamics and resonant

structure to separate signal from B ! D
⇤�

D
+
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• This BDT output is one of the fit variables for signal extraction
Resmi P K (Oxford) CERN Seminar 31

COMBINING WITH RUN 1 RESULTS:

R(D⇤) with hadronic ⌧ decays

K(D⇤) =
B(B0

! D
⇤�⌧+⌫⌧ )

B(B0! D⇤�3⇡±)
= 1.700 ± 0.101(stat)+0.105

�0.100(syst)

• The absolute branching fraction of B0
! D

⇤�⌧+⌫⌧ decays

B(B0! D⇤�⌧+⌫⌧ ) = (1.23 ± 0.07 (stat) ± 0.08 (syst) ± 0.05(ext)) ⇥ 10�2

R(D⇤) = K(D⇤)
B(B0

! D
⇤�3⇡±)

B(B0! D⇤�µ+⌫µ)
• The BFs of B0

! D
⇤�3⇡± and B

0
! D

⇤�µ+⌫µ - external inputs

R(D⇤) = 0.247 ± 0.015(stat) ± 0.015(syst) ± 0.012(ext)

In agreement with Run 1 result

• Combining with the Run 1 result

R(D⇤)2011�2016 = 0.257 ± 0.012 (stat) ± 0.014 (syst) ± 0.012 (ext)

Agreement within 1� to SM R(D⇤)SM = 0.254± 0.005 [HFLAV]
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LFU measurement at LHCb

[arXiv:2303.02886, LHCb-PAPER-2022-052]

GLOBAL PICTURE UNCHANGED FOR RD* AND RD 
COMBINATION WITH THE SM AT 3 SIGMA

Outlook

• Adding full Run 2 dataset
• Many new measurements underway

for a variety of R(Xc) ratios

• R(⇤c) [PRL 128, 191803 (2022)], R(Ds),

R(D+)...

• Exploring new observables beyond

these ratios

• Made possible by the good

signal to noise level in the

sample
• Excellent prospects for

polarisation and angular

observables

[arXiv:2101.08326, arXiv:1808.08865]

• The recent BESIII results on inclusive D ! 3⇡±
X rates for D = D

0,D+,D+
s will

significantly lower the systematic uncertainties in the legacy measurement to come
[PRD 107, 032002 (2023), arXiv:2212.13072]
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SEMILEPTONIC DECAYS EXTREMELY CHALLENGING 
AT HADRONIC MACHINES, BUT PRECISION AT                

SIMILAR TO BELLE!

OUTLOOK FOR THIS SECTOR EXTREMELY FRUITFUL! MORE DATA, NOVEL OBSERVABLES (E.G. ANGULAR ANALYSIS) 



LHCb HIGHLIGHTS

Spectroscopy at LHCb

LHCb HIGHLIGHTS

Pentaquarks at LHCb

First observation of CP in Charm

[Phys. Rev. Lett. 122 (2019) 211803]

Search for CP in Λ0b → pπ−π+π−

[LHCb-PAPER-2019-028]

Several sources of CP in B+ → π+π−π−

[LHCb-PAPER-2019-018]

Conventional & Exotics

arXiv:2302.04733

[Submitted to PRL]

arXiv:2301.04899

[Submitted to PRL]

arXiv:2212.02717

[Submitted to PRD]

arXiv:2210.10346

[Submitted to PRL]
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CLASSICAL HADRONS: MESONS [QUARK + ANTIQUARK] OR BARYONS [3 QUARKS]  

Conventional and exotic spectroscopy

Classical hadrons à mesons [quark + antiquark] or baryons [3 quarks]
Exotic hadrons à in principle, anything else :
Glueballs, hybrids, tetraquarks, pentaquarks, hexaquarks 
Studied by different experiments:
LHCb, BESIII, ATLAS, CMS, Belle, Belle II, BaBar, CDF, D0, ALICE … 

Introduction

3

Today: a selection of recent
LHCb results

Of which 62 by LHCb

LHCb collaboration, P. Koppenburg, List of hadrons observed at the LHC.

EXOTIC HADRONS: IN PRINCIPLE ANYTHING ELSE, TETRAQUARK, PENTAQUARK, HEXAQUARK, …

LHCb, BESIII, ATLAS, CMS, Belle, Belle II, BaBar, CDF, D0, ALICE ...

STUDIED BY DIFFERENT EXPERIMENTS:
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of the natural widths are included to describe the known di↵erences in resolution between113

data and simulated events. Di↵erences are expected to be within 5%, based on previous114

studies [37–40], therefore uncertainties are estimated by varying the width and the115

parametrization of the mass resolution function by that amount. Possible uncertainties116
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OUT OF PRESS!

TWO NEW EXCITED STATES 
TO BE ADDED TO THE LIST!

<latexit sha1_base64="ER+tfrrtqreP3c8kCCXxXwRGEN8="></latexit>

m⌅0
b⇡

�⇡+ �m⌅0
b
� 2m⇡ [MeV]

<latexit sha1_base64="ER+tfrrtqreP3c8kCCXxXwRGEN8="></latexit>

m⌅0
b⇡

�⇡+ �m⌅0
b
� 2m⇡ [MeV]

[LHCb-PAPER-2023-008]

[In preparation]
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Observation of new        states⌦0
c
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Figure 1: Invariant-mass distribution of the ⌦c(X)
0
candidates in (a) data set 1 and (b) data

set 2, with the fit results overlaid. A bin width of 5MeV is used for plotting. The previously

observed excited ⌦0
c states are shown in blue dashed lines. The ⌦c(3185)

0
state is shown in the

brown area, and the ⌦c(3327)
0
state is shown in the red area. Three feed-down components are

shown as the yellow areas, while the green long-dashed line corresponds to the combinatorial

background.

The enhancement around the ⌅+
c K

� mass threshold is described by the partially
reconstructed decays of ⌦c(X)0 ! ⌅ 0+

c (! ⌅+
c �)K

�, as was done in the previous analy-
sis [2]. In the exclusive analysis using the ⌦�

b ! ⌦c(X)0(! ⌅+
c K

�)⇡� decay [4], these
feed-down components are excluded by requiring an appropriate signal mass window of
the ⌦�

b baryon, while the threshold enhancement is still present. In the ⌦�
b analysis

this structure was modeled as an S-wave Breit–Wigner distribution, but the available
data in Ref. [4] are not su�cient to determine this structure. To check if this structure

Table 1: Fit results of the mass, width, and yield for each state, and for each data set.

Uncertainties are statistical only.

Resonance m (MeV) � (MeV) Yield (data set 1) Yield (data set 2)
⌦c(3000)0 3000.44± 0.07 3.83± 0.23 1225± 83 7533± 263
⌦c(3050)0 3050.18± 0.04 0.67± 0.17 1139± 65 7379± 215
⌦c(3065)0 3065.63± 0.06 3.79± 0.20 2180± 99 13046± 316
⌦c(3090)0 3090.16± 0.11 8.48± 0.44 2234± 136 14434± 486
⌦c(3119)0 3118.98± 0.12 0.60± 0.63 470± 66 3279± 234
⌦c(3185)0 3185.1± 1.7 50± 7 1642± 367 10278± 1565
⌦c(3327)0 3327.1± 1.2 20± 5 489± 173 3649± 723
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Ø Two new excited states J) -K.L ( and M) --0/ (

Ø Five states from previous analysis confirmedàmasses and widths measured with highest precision to date
Ø Ω!% new contributions as S-wave relativistic Breit–Wigner functions ⨂ Gaussian for resolution effects
Ø Partially reconstructed decays with photons determined from simulation (yields vary in the fit)
Ø Fit at threshold enanchement with BW with or w/o feed down J) -<OL ( , not possible to separate two states but the 

existence of another hidden state cannot be excluded. 
ØJ) -K.L ( could be also described by two states
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Figure 1: Invariant-mass distribution of the ⌦c(X)
0
candidates in (a) data set 1 and (b) data

set 2, with the fit results overlaid. A bin width of 5MeV is used for plotting. The previously

observed excited ⌦0
c states are shown in blue dashed lines. The ⌦c(3185)

0
state is shown in the

brown area, and the ⌦c(3327)
0
state is shown in the red area. Three feed-down components are

shown as the yellow areas, while the green long-dashed line corresponds to the combinatorial

background.

The enhancement around the ⌅+
c K

� mass threshold is described by the partially
reconstructed decays of ⌦c(X)0 ! ⌅ 0+

c (! ⌅+
c �)K

�, as was done in the previous analy-
sis [2]. In the exclusive analysis using the ⌦�

b ! ⌦c(X)0(! ⌅+
c K

�)⇡� decay [4], these
feed-down components are excluded by requiring an appropriate signal mass window of
the ⌦�

b baryon, while the threshold enhancement is still present. In the ⌦�
b analysis

this structure was modeled as an S-wave Breit–Wigner distribution, but the available
data in Ref. [4] are not su�cient to determine this structure. To check if this structure

Table 1: Fit results of the mass, width, and yield for each state, and for each data set.

Uncertainties are statistical only.

Resonance m (MeV) � (MeV) Yield (data set 1) Yield (data set 2)
⌦c(3000)0 3000.44± 0.07 3.83± 0.23 1225± 83 7533± 263
⌦c(3050)0 3050.18± 0.04 0.67± 0.17 1139± 65 7379± 215
⌦c(3065)0 3065.63± 0.06 3.79± 0.20 2180± 99 13046± 316
⌦c(3090)0 3090.16± 0.11 8.48± 0.44 2234± 136 14434± 486
⌦c(3119)0 3118.98± 0.12 0.60± 0.63 470± 66 3279± 234
⌦c(3185)0 3185.1± 1.7 50± 7 1642± 367 10278± 1565
⌦c(3327)0 3327.1± 1.2 20± 5 489± 173 3649± 723
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TWO NEW EXCITED STATES OBSERVED:

                                 AND

FIVE STATES FROM PREVIOUS ANALYSIS 
CONFIRMED (MOST PRECISE)
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               NAME SCHEME: NEW EXOTIC HADRON NAMING CONVENTION 

Exotic spectroscopy

Table 5: Summary of the impact of the exotic hadron naming scheme on various states, based
on current knowledge of their properties. Quantum numbers that are not specified or marked “?”
are unknown and the corresponding super-/sub-scripts not given. The current name indicated is
that used in the PDG listings [16].

Minimal quark
Current name I(G), JP (C) Proposed name Reference

content

cc̄ �c1(3872) IG = 0+, JPC = 1++ �c1(3872) [24, 25]

cc̄ud̄ Zc(3900)+ IG = 1+, JP = 1+ T b
 1(3900)

+ [26–28]

cc̄ud̄ X(4100)+ IG = 1� T (4100)+ [29]

cc̄ud̄ Zc(4430)+ IG = 1+, JP = 1+ T b
 1(4430)

+ [30, 31]

cc̄(ss̄) �c1(4140) IG = 0+, JPC = 1++ �c1(4140) [32–35]

cc̄us̄ Zcs(4000)+ I = 1
2 , J

P = 1+ T ✓
 s1(4000)

+ [7]

cc̄us̄ Zcs(4220)+ I = 1
2 , J

P = 1? T s1(4220)+ [7]

cc̄cc̄ X(6900) IG = 0+, JPC =??+ T  (6900) [4]

csūd̄ X0(2900) JP = 0+ Tcs0(2900)0 [5, 6]

csūd̄ X1(2900) JP = 1� Tcs1(2900)0 [5, 6]

ccūd̄ Tcc(3875)+ Tcc(3875)+ [8, 9]

bb̄ud̄ Zb(10610)+ IG = 1+, JP = 1+ T b
⌥1(10610)

+ [36]

cc̄uud Pc(4312)+ I = 1
2 PN

 (4312)+ [3]

cc̄uds Pcs(4459)0 I = 0 P⇤
 s(4459)

0 [20]

with a conventional qq̄0 meson or qq0q00 baryon. For example, the �c1(3872) – also known
as X(3872) – is unchanged. There is, however, a change for the I = 1 charmonium-like
and bottomonium-like states, currently denoted Zc and Zb — these become T b

 and T b
⌥

states, respectively.
The names specified in Table 5 are based on known quantum numbers. In several ex-

amples, only certain sets of quantum numbers are consistent with the measured properties.
The following comments indicate how the name will change once these are experimentally
established.

• The JP quantum numbers of the X4100)+ state are 0+ or 1� [29]. Once one of
these is confirmed, the name will become T a

 0(4100)
+ or T ⇡

 1(4100)
+, respectively.

• The �c1(4140) — also known as X(4140) — state is one of a number of resonances in
the J/ � system observed in B+ ! J/ �K+ decays [7,32–35]. It appears likely that
it could have a predominant cc̄ss̄ component, but since this is not yet established
experimentally its proposed name is unchanged from its current name. In case a
predominant cc̄ss̄ component is later established, for example through a stringent
limit on its decay to J/ !, it can be accommodated in the new scheme as the
T f
 �1(4140).

• The JP quantum numbers of the Zcs(4220)+ state are 1+ or 1� [7]. Once one of
these is confirmed, the name will become T ✓

 s1(4220)
+ or T ⌧

 s1(4220)
+, respectively.

• If a neutral isospin partner of the Zcs(4000)+ state is discovered, its name will be

7

[arXiv:2206.15233]

We proposed a new exotic hadron naming convention arXiv:2206.15233v1

• T for tetraquark
• P for pentaquark
• superscript: based on existing

symbols, to indicate isospin, 
parity and G-parity

• subscript: heavy quark content 

LHCb naming scheme 

17
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ANALYSIS OF THE                                  DECAY OBSERVED TWO STATES:                           AND 

Evidence of the                          state

[arXiv:2301.04899, Submitted to PRL]

T ✓ s1(4000)
0

<latexit sha1_base64="L9omV2/2jDRKRha3ilxYd9boFRw=">AAACB3icdVDJSgNBEO2JW4zbqEdBGoMQL6EniRhvAS8eI2SDbPR0OkmTnoXuGiEMc/Pir3jxoIhXf8Gbf2NnEVT0QcHjvSqq6rmhFBoI+bBSK6tr6xvpzczW9s7unr1/0NBBpBivs0AGquVSzaXweR0ESN4KFaeeK3nTnVzN/OYtV1oEfg2mIe96dOSLoWAUjNS3j2u9uANjDjTpx51QC6ydJFcihJz1YpL07SzJF8ukeOngOSmRAl4q59jJkzmyaIlq337vDAIWedwHJqnWbYeE0I2pAsEkTzKdSPOQsgkd8bahPvW47sbzPxJ8apQBHgbKlA94rn6fiKmn9dRzTadHYax/ezPxL68dwbDcjYUfRsB9tlg0jCSGAM9CwQOhOAM5NYQyJcytmI2pogxMdBkTwten+H/SKOQdknduStlKZRlHGh2hE5RDDrpAFXSNqqiOGLpDD+gJPVv31qP1Yr0uWlPWcuYQ/YD19gnEs5iU</latexit><latexit sha1_base64="L9omV2/2jDRKRha3ilxYd9boFRw=">AAACB3icdVDJSgNBEO2JW4zbqEdBGoMQL6EniRhvAS8eI2SDbPR0OkmTnoXuGiEMc/Pir3jxoIhXf8Gbf2NnEVT0QcHjvSqq6rmhFBoI+bBSK6tr6xvpzczW9s7unr1/0NBBpBivs0AGquVSzaXweR0ESN4KFaeeK3nTnVzN/OYtV1oEfg2mIe96dOSLoWAUjNS3j2u9uANjDjTpx51QC6ydJFcihJz1YpL07SzJF8ukeOngOSmRAl4q59jJkzmyaIlq337vDAIWedwHJqnWbYeE0I2pAsEkTzKdSPOQsgkd8bahPvW47sbzPxJ8apQBHgbKlA94rn6fiKmn9dRzTadHYax/ezPxL68dwbDcjYUfRsB9tlg0jCSGAM9CwQOhOAM5NYQyJcytmI2pogxMdBkTwten+H/SKOQdknduStlKZRlHGh2hE5RDDrpAFXSNqqiOGLpDD+gJPVv31qP1Yr0uWlPWcuYQ/YD19gnEs5iU</latexit><latexit sha1_base64="L9omV2/2jDRKRha3ilxYd9boFRw=">AAACB3icdVDJSgNBEO2JW4zbqEdBGoMQL6EniRhvAS8eI2SDbPR0OkmTnoXuGiEMc/Pir3jxoIhXf8Gbf2NnEVT0QcHjvSqq6rmhFBoI+bBSK6tr6xvpzczW9s7unr1/0NBBpBivs0AGquVSzaXweR0ESN4KFaeeK3nTnVzN/OYtV1oEfg2mIe96dOSLoWAUjNS3j2u9uANjDjTpx51QC6ydJFcihJz1YpL07SzJF8ukeOngOSmRAl4q59jJkzmyaIlq337vDAIWedwHJqnWbYeE0I2pAsEkTzKdSPOQsgkd8bahPvW47sbzPxJ8apQBHgbKlA94rn6fiKmn9dRzTadHYax/ezPxL68dwbDcjYUfRsB9tlg0jCSGAM9CwQOhOAM5NYQyJcytmI2pogxMdBkTwten+H/SKOQdknduStlKZRlHGh2hE5RDDrpAFXSNqqiOGLpDD+gJPVv31qP1Yr0uWlPWcuYQ/YD19gnEs5iU</latexit><latexit sha1_base64="L9omV2/2jDRKRha3ilxYd9boFRw=">AAACB3icdVDJSgNBEO2JW4zbqEdBGoMQL6EniRhvAS8eI2SDbPR0OkmTnoXuGiEMc/Pir3jxoIhXf8Gbf2NnEVT0QcHjvSqq6rmhFBoI+bBSK6tr6xvpzczW9s7unr1/0NBBpBivs0AGquVSzaXweR0ESN4KFaeeK3nTnVzN/OYtV1oEfg2mIe96dOSLoWAUjNS3j2u9uANjDjTpx51QC6ydJFcihJz1YpL07SzJF8ukeOngOSmRAl4q59jJkzmyaIlq337vDAIWedwHJqnWbYeE0I2pAsEkTzKdSPOQsgkd8bahPvW47sbzPxJ8apQBHgbKlA94rn6fiKmn9dRzTadHYax/ezPxL68dwbDcjYUfRsB9tlg0jCSGAM9CwQOhOAM5NYQyJcytmI2pogxMdBkTwten+H/SKOQdknduStlKZRlHGh2hE5RDDrpAFXSNqqiOGLpDD+gJPVv31qP1Yr0uWlPWcuYQ/YD19gnEs5iU</latexit>

B+ ! J/ �K+
<latexit sha1_base64="noCRJ6BJwVozEkIsmZNhlvBFBZ0=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaLIBRi0lasu6Ib0U0F+4AmLZPppB06eTAzEUroxl9x40IRt36GO//GaRpBRQ8MHM65lzvnuBGjQprmh5ZbWFxaXsmvFtbWNza39O2dlghjjkkThyzkHRcJwmhAmpJKRjoRJ8h3GWm744uZ374jXNAwuJWTiDg+GgbUoxhJJfX1vfNeCdoyhFfHdiQotKMRhde9Ul8vmkalZlbOLJiSqlmGmXICLcNMUQQZGn393R6EOPZJIDFDQnQtM5JOgrikmJFpwY4FiRAeoyHpKhognwgnSQNM4aFSBtALuXqBhKn6fSNBvhAT31WTPpIj8dubiX953Vh6NSehQRRLEuD5IS9mUAWetQEHlBMs2UQRhDlVf4V4hDjCUnVWUCV8JYX/k1bZsEzDuqkW69WsjjzYBwfgCFjgFNTBJWiAJsBgCh7AE3jW7rVH7UV7nY/mtGxnF/yA9vYJSkKU5A==</latexit><latexit sha1_base64="noCRJ6BJwVozEkIsmZNhlvBFBZ0=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaLIBRi0lasu6Ib0U0F+4AmLZPppB06eTAzEUroxl9x40IRt36GO//GaRpBRQ8MHM65lzvnuBGjQprmh5ZbWFxaXsmvFtbWNza39O2dlghjjkkThyzkHRcJwmhAmpJKRjoRJ8h3GWm744uZ374jXNAwuJWTiDg+GgbUoxhJJfX1vfNeCdoyhFfHdiQotKMRhde9Ul8vmkalZlbOLJiSqlmGmXICLcNMUQQZGn393R6EOPZJIDFDQnQtM5JOgrikmJFpwY4FiRAeoyHpKhognwgnSQNM4aFSBtALuXqBhKn6fSNBvhAT31WTPpIj8dubiX953Vh6NSehQRRLEuD5IS9mUAWetQEHlBMs2UQRhDlVf4V4hDjCUnVWUCV8JYX/k1bZsEzDuqkW69WsjjzYBwfgCFjgFNTBJWiAJsBgCh7AE3jW7rVH7UV7nY/mtGxnF/yA9vYJSkKU5A==</latexit><latexit sha1_base64="noCRJ6BJwVozEkIsmZNhlvBFBZ0=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaLIBRi0lasu6Ib0U0F+4AmLZPppB06eTAzEUroxl9x40IRt36GO//GaRpBRQ8MHM65lzvnuBGjQprmh5ZbWFxaXsmvFtbWNza39O2dlghjjkkThyzkHRcJwmhAmpJKRjoRJ8h3GWm744uZ374jXNAwuJWTiDg+GgbUoxhJJfX1vfNeCdoyhFfHdiQotKMRhde9Ul8vmkalZlbOLJiSqlmGmXICLcNMUQQZGn393R6EOPZJIDFDQnQtM5JOgrikmJFpwY4FiRAeoyHpKhognwgnSQNM4aFSBtALuXqBhKn6fSNBvhAT31WTPpIj8dubiX953Vh6NSehQRRLEuD5IS9mUAWetQEHlBMs2UQRhDlVf4V4hDjCUnVWUCV8JYX/k1bZsEzDuqkW69WsjjzYBwfgCFjgFNTBJWiAJsBgCh7AE3jW7rVH7UV7nY/mtGxnF/yA9vYJSkKU5A==</latexit><latexit sha1_base64="noCRJ6BJwVozEkIsmZNhlvBFBZ0=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaLIBRi0lasu6Ib0U0F+4AmLZPppB06eTAzEUroxl9x40IRt36GO//GaRpBRQ8MHM65lzvnuBGjQprmh5ZbWFxaXsmvFtbWNza39O2dlghjjkkThyzkHRcJwmhAmpJKRjoRJ8h3GWm744uZ374jXNAwuJWTiDg+GgbUoxhJJfX1vfNeCdoyhFfHdiQotKMRhde9Ul8vmkalZlbOLJiSqlmGmXICLcNMUQQZGn393R6EOPZJIDFDQnQtM5JOgrikmJFpwY4FiRAeoyHpKhognwgnSQNM4aFSBtALuXqBhKn6fSNBvhAT31WTPpIj8dubiX953Vh6NSehQRRLEuD5IS9mUAWetQEHlBMs2UQRhDlVf4V4hDjCUnVWUCV8JYX/k1bZsEzDuqkW69WsjjzYBwfgCFjgFNTBJWiAJsBgCh7AE3jW7rVH7UV7nY/mtGxnF/yA9vYJSkKU5A==</latexit>

T ✓ s1(4000)
+

<latexit sha1_base64="UoA8koTKB6KB3lD9cYvSpIi1rpE=">AAACB3icdVDJSgNBEO2JW4zbqEdBGoMQEUJPEjHeAl48RsgiZKOn00ma9Cx01whhmJsXf8WLB0W8+gve/Bs7i6CiDwoe71VRVc8NpdBAyIeVWlpeWV1Lr2c2Nre2d+zdvYYOIsV4nQUyUDcu1VwKn9dBgOQ3oeLUcyVvuuPLqd+85UqLwK/BJOQdjw59MRCMgpF69mGtG7dhxIEmvbgdaoG1k+RKhJCTbnya9OwsyRfLpHjh4BkpkQJeKGfYyZMZsmiBas9+b/cDFnncByap1i2HhNCJqQLBJE8y7UjzkLIxHfKWoT71uO7Esz8SfGyUPh4EypQPeKZ+n4ipp/XEc02nR2Gkf3tT8S+vFcGg3ImFH0bAfTZfNIgkhgBPQ8F9oTgDOTGEMiXMrZiNqKIMTHQZE8LXp/h/0ijkHZJ3rkvZSmkRRxodoCOUQw46RxV0haqojhi6Qw/oCT1b99aj9WK9zltT1mJmH/2A9fYJuX6Ygw==</latexit><latexit sha1_base64="UoA8koTKB6KB3lD9cYvSpIi1rpE=">AAACB3icdVDJSgNBEO2JW4zbqEdBGoMQEUJPEjHeAl48RsgiZKOn00ma9Cx01whhmJsXf8WLB0W8+gve/Bs7i6CiDwoe71VRVc8NpdBAyIeVWlpeWV1Lr2c2Nre2d+zdvYYOIsV4nQUyUDcu1VwKn9dBgOQ3oeLUcyVvuuPLqd+85UqLwK/BJOQdjw59MRCMgpF69mGtG7dhxIEmvbgdaoG1k+RKhJCTbnya9OwsyRfLpHjh4BkpkQJeKGfYyZMZsmiBas9+b/cDFnncByap1i2HhNCJqQLBJE8y7UjzkLIxHfKWoT71uO7Esz8SfGyUPh4EypQPeKZ+n4ipp/XEc02nR2Gkf3tT8S+vFcGg3ImFH0bAfTZfNIgkhgBPQ8F9oTgDOTGEMiXMrZiNqKIMTHQZE8LXp/h/0ijkHZJ3rkvZSmkRRxodoCOUQw46RxV0haqojhi6Qw/oCT1b99aj9WK9zltT1mJmH/2A9fYJuX6Ygw==</latexit><latexit sha1_base64="UoA8koTKB6KB3lD9cYvSpIi1rpE=">AAACB3icdVDJSgNBEO2JW4zbqEdBGoMQEUJPEjHeAl48RsgiZKOn00ma9Cx01whhmJsXf8WLB0W8+gve/Bs7i6CiDwoe71VRVc8NpdBAyIeVWlpeWV1Lr2c2Nre2d+zdvYYOIsV4nQUyUDcu1VwKn9dBgOQ3oeLUcyVvuuPLqd+85UqLwK/BJOQdjw59MRCMgpF69mGtG7dhxIEmvbgdaoG1k+RKhJCTbnya9OwsyRfLpHjh4BkpkQJeKGfYyZMZsmiBas9+b/cDFnncByap1i2HhNCJqQLBJE8y7UjzkLIxHfKWoT71uO7Esz8SfGyUPh4EypQPeKZ+n4ipp/XEc02nR2Gkf3tT8S+vFcGg3ImFH0bAfTZfNIgkhgBPQ8F9oTgDOTGEMiXMrZiNqKIMTHQZE8LXp/h/0ijkHZJ3rkvZSmkRRxodoCOUQw46RxV0haqojhi6Qw/oCT1b99aj9WK9zltT1mJmH/2A9fYJuX6Ygw==</latexit><latexit sha1_base64="UoA8koTKB6KB3lD9cYvSpIi1rpE=">AAACB3icdVDJSgNBEO2JW4zbqEdBGoMQEUJPEjHeAl48RsgiZKOn00ma9Cx01whhmJsXf8WLB0W8+gve/Bs7i6CiDwoe71VRVc8NpdBAyIeVWlpeWV1Lr2c2Nre2d+zdvYYOIsV4nQUyUDcu1VwKn9dBgOQ3oeLUcyVvuuPLqd+85UqLwK/BJOQdjw59MRCMgpF69mGtG7dhxIEmvbgdaoG1k+RKhJCTbnya9OwsyRfLpHjh4BkpkQJeKGfYyZMZsmiBas9+b/cDFnncByap1i2HhNCJqQLBJE8y7UjzkLIxHfKWoT71uO7Esz8SfGyUPh4EypQPeKZ+n4ipp/XEc02nR2Gkf3tT8S+vFcGg3ImFH0bAfTZfNIgkhgBPQ8F9oTgDOTGEMiXMrZiNqKIMTHQZE8LXp/h/0ijkHZJ3rkvZSmkRRxodoCOUQw46RxV0haqojhi6Qw/oCT1b99aj9WK9zltT1mJmH/2A9fYJuX6Ygw==</latexit>

T ✓ s1(4220)
+

<latexit sha1_base64="Hv5tcY4Hfs629109RQwhmt18XI0=">AAACB3icdVDJSgNBEO2JW4xb1KMgjUGICKFnEjHeAl48RsgiZKOn00ma9Cx01whhmJsXf8WLB0W8+gve/Bs7i6CiDwoe71VRVc8NpdBAyIeVWlpeWV1Lr2c2Nre2d7K7ew0dRIrxOgtkoG5cqrkUPq+DAMlvQsWp50redMeXU795y5UWgV+DScg7Hh36YiAYBSP1soe1btyGEQea9OJ2qAXWdpIvOQ456canSS+bI4VimRQvbDwjJeLghXKG7QKZIYcWqPay7+1+wCKP+8Ak1bplkxA6MVUgmORJph1pHlI2pkPeMtSnHtedePZHgo+N0seDQJnyAc/U7xMx9bSeeK7p9CiM9G9vKv7ltSIYlDux8MMIuM/miwaRxBDgaSi4LxRnICeGUKaEuRWzEVWUgYkuY0L4+hT/TxpOwSYF+7qUq5QWcaTRATpCeWSjc1RBV6iK6oihO/SAntCzdW89Wi/W67w1ZS1m9tEPWG+fv6iYhw==</latexit><latexit sha1_base64="Hv5tcY4Hfs629109RQwhmt18XI0=">AAACB3icdVDJSgNBEO2JW4xb1KMgjUGICKFnEjHeAl48RsgiZKOn00ma9Cx01whhmJsXf8WLB0W8+gve/Bs7i6CiDwoe71VRVc8NpdBAyIeVWlpeWV1Lr2c2Nre2d7K7ew0dRIrxOgtkoG5cqrkUPq+DAMlvQsWp50redMeXU795y5UWgV+DScg7Hh36YiAYBSP1soe1btyGEQea9OJ2qAXWdpIvOQ456canSS+bI4VimRQvbDwjJeLghXKG7QKZIYcWqPay7+1+wCKP+8Ak1bplkxA6MVUgmORJph1pHlI2pkPeMtSnHtedePZHgo+N0seDQJnyAc/U7xMx9bSeeK7p9CiM9G9vKv7ltSIYlDux8MMIuM/miwaRxBDgaSi4LxRnICeGUKaEuRWzEVWUgYkuY0L4+hT/TxpOwSYF+7qUq5QWcaTRATpCeWSjc1RBV6iK6oihO/SAntCzdW89Wi/W67w1ZS1m9tEPWG+fv6iYhw==</latexit><latexit sha1_base64="Hv5tcY4Hfs629109RQwhmt18XI0=">AAACB3icdVDJSgNBEO2JW4xb1KMgjUGICKFnEjHeAl48RsgiZKOn00ma9Cx01whhmJsXf8WLB0W8+gve/Bs7i6CiDwoe71VRVc8NpdBAyIeVWlpeWV1Lr2c2Nre2d7K7ew0dRIrxOgtkoG5cqrkUPq+DAMlvQsWp50redMeXU795y5UWgV+DScg7Hh36YiAYBSP1soe1btyGEQea9OJ2qAXWdpIvOQ456canSS+bI4VimRQvbDwjJeLghXKG7QKZIYcWqPay7+1+wCKP+8Ak1bplkxA6MVUgmORJph1pHlI2pkPeMtSnHtedePZHgo+N0seDQJnyAc/U7xMx9bSeeK7p9CiM9G9vKv7ltSIYlDux8MMIuM/miwaRxBDgaSi4LxRnICeGUKaEuRWzEVWUgYkuY0L4+hT/TxpOwSYF+7qUq5QWcaTRATpCeWSjc1RBV6iK6oihO/SAntCzdW89Wi/W67w1ZS1m9tEPWG+fv6iYhw==</latexit><latexit sha1_base64="Hv5tcY4Hfs629109RQwhmt18XI0=">AAACB3icdVDJSgNBEO2JW4xb1KMgjUGICKFnEjHeAl48RsgiZKOn00ma9Cx01whhmJsXf8WLB0W8+gve/Bs7i6CiDwoe71VRVc8NpdBAyIeVWlpeWV1Lr2c2Nre2d7K7ew0dRIrxOgtkoG5cqrkUPq+DAMlvQsWp50redMeXU795y5UWgV+DScg7Hh36YiAYBSP1soe1btyGEQea9OJ2qAXWdpIvOQ456canSS+bI4VimRQvbDwjJeLghXKG7QKZIYcWqPay7+1+wCKP+8Ak1bplkxA6MVUgmORJph1pHlI2pkPeMtSnHtedePZHgo+N0seDQJnyAc/U7xMx9bSeeK7p9CiM9G9vKv7ltSIYlDux8MMIuM/miwaRxBDgaSi4LxRnICeGUKaEuRWzEVWUgYkuY0L4+hT/TxpOwSYF+7qUq5QWcaTRATpCeWSjc1RBV6iK6oihO/SAntCzdW89Wi/W67w1ZS1m9tEPWG+fv6iYhw==</latexit>

B0! J/ �K0
s

<latexit sha1_base64="saHZjrydCcyVeGMSijivBKp96rI="></latexit><latexit sha1_base64="saHZjrydCcyVeGMSijivBKp96rI="></latexit><latexit sha1_base64="saHZjrydCcyVeGMSijivBKp96rI="></latexit><latexit sha1_base64="saHZjrydCcyVeGMSijivBKp96rI="></latexit>

IS THERE A ISOSPIN PARTNER IN                               DECAYS?

Strange charmonium [LHCb: arXiv:2301.04899]
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+ tetraquark candidate observed by BESIII in D
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Several J/ � and J/ K
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including T
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Neutral partner T ✓
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�17 MeV, � = 105+29
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Significance 4.0� (5.4� assuming isospin symmetry)
Anton Poluektov on behalf of LHCb LHCb status and exotic hadrons KEK-FF workshop, 9–11 February 2023 21/32

A SIMULTANEOUS AMPLITUDE FIT IS PERFORMED IN BOTH CHANNELS WITH FULL STATISTICS

[PRL 127 (2021) 082001]
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Evidence of the                          state

[arXiv:2301.04899, Submitted to PRL]
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A SIMULTANEOUS AMPLITUDE FIT IS PERFORMED IN BOTH CHANNELS WITH FULL STATISTICS

Evidence of +&%'( 4000 " state 
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Default model:
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Ø Difference in mass with !!"#$ 4000 % is small à confirm the isospin partnership

Ø Significance computed with likelihood ratio method with as test statistics: 

Ø Significance is : 4 $ , goes up to 5.4 $ assuming isospin symmetry for the !!"#$ (4000) states

'&,# : default model without or with the new state 
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Doubly charged and neutral open charmed tetraquarks 

[arXiv:2212.02717, Submitted to PRD]
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SIMULTANEOUS ANALYSIS OF                                 (TOP) AND                                    (BOTTOM) DECAYSB+ ! D�D+
s ⇡

+
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AMPLITUDE ANALYSIS OF THE                               DECAY

Strange pentaquark candidate

[arXiv:2210.10346, Submitted to PRL]
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Figure 1: Invariant mass distribution of the J/ ⇤p candidates. The data are overlaid with the

results of the fit.
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Figure 2: Dalitz distribution for B�
candidates in the signal region.

93.0% in the signal region of ±2.5� around the mass peak, where � ⇡ 2.1MeV is the mass
resolution. The signal distribution is modelled by the sum of a Johnson function [32] and
two Crystal Ball [33] functions sharing the same mean and width parameters determined
from the fit. The tail parameters and fractions of each signal component are fixed to
values obtained from a fit to simulated events. The background contribution is mainly due
to random combinations of charged particles in the event and is described by a third-order
Chebyshev polynomial.

The Dalitz distribution of the reconstructed B� candidates in the signal region is
shown in Fig. 2, where a horizontal band in the region around 18.8GeV2 in the m2(J/ ⇤)
distribution is present. Some structure in the high m2(J/ p) spectrum is also present.
This Letter investigates the nature of these enhancements.
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Figure 3: Distributions of invariant mass and cos ✓K⇤ Fit results to data using the nominal

model are superimposed. The null-hypothesis 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.

generated according to the nominal model with the same statistics as in data, is fitted
with an alternative configuration that is representative of the systematic e↵ect. The
uncertainty on each parameter is determined as the mean value of the di↵erence between
the fit results of the nominal and the alternative models. The main contributions are
related to the model for the decay amplitude, the bias of the fitting procedure, and the
uncertanty on the reconstruction e�ciency ✏(mp⇤, ~⌦). For the amplitude model, the
nominal value of the hadron radius for the Blatt–Weisskopf coe�cients [38] is assumed
to be 3GeV�1 and varied to 1 and 5GeV�1, taking the largest e↵ect as a systematic
uncertainty. Additional LS couplings are considered with respect to the nominal model, in
particular the L, S = 1, 1 (L, S = 2, 3/2) coupling for the production (decay) of P⇤

 s(4338)
0

contribution, and the L, S = 1, 1 coupling for the NR(J/ p) contribution. A relativistic
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Figure 1: Invariant mass distribution of the J/ ⇤p candidates. The data are overlaid with the

results of the fit.
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Figure 2: Dalitz distribution for B�
candidates in the signal region.

93.0% in the signal region of ±2.5� around the mass peak, where � ⇡ 2.1MeV is the mass
resolution. The signal distribution is modelled by the sum of a Johnson function [32] and
two Crystal Ball [33] functions sharing the same mean and width parameters determined
from the fit. The tail parameters and fractions of each signal component are fixed to
values obtained from a fit to simulated events. The background contribution is mainly due
to random combinations of charged particles in the event and is described by a third-order
Chebyshev polynomial.

The Dalitz distribution of the reconstructed B� candidates in the signal region is
shown in Fig. 2, where a horizontal band in the region around 18.8GeV2 in the m2(J/ ⇤)
distribution is present. Some structure in the high m2(J/ p) spectrum is also present.
This Letter investigates the nature of these enhancements.
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WHAT COMES NEXT?

EXISTING DATA NOT YET FULLY EXPLORED! 

A PRECISION FLAVOUR PHYSICS ERA AHEAD OF US! 

[A “COMPASS” TO THE LHC SEARCHES?]

VERY FRUITFUL FLAVOR PHYSICS PROGRAM, 
GOING WAY BEYOND INITIAL DESIGN

VERY SMALL SUBSET OF RESULTS SHOWN HERE

I.E. CKM MEASUREMENTS, LFU, SPECTROSCOPY

LHCb status

Anton Poluektov on behalf of LHCb LHCb status and exotic hadrons KEK-FF workshop, 9–11 February 2023 2/32
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Proposed Upgrade II

HL-LHC program until 2043 
LHCb program limited by detector 
→ clear case for further upgrade
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Upgrade I will not saturate precision in many key observables  a further upgrade is necessary to 
fully realise the flavour-physics potential of the HL-LHC 
There is steady progress towards plans for an Upgrade II, that will operate in Runs 5 and 6. 

Now part of the CERN baseline plan. Framework TDR recently approved by LHCC.

→
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LHCb Upgrades and operation at 1034 cm-2 s-1 luminosity –A first study 
 

 
G. Arduini, V. Baglin, H. Burkhardt, F. Cerutti, S. Claudet, B. Di Girolamo, R. De Maria, I. 
Efthymiopoulos, L.S. Esposito, N. Karastathis, R. Lindner, L.E. Medina Medrano, Y. Papaphilippou, 
C.Parkes, D. Pellegrini, S. Redaelli, S. Roesler, F. Sanchez-Galan, P. Schwarz, E. Thomas, A. Tsinganis, 
D. Wollmann, G. Wilkinson 
CERN, Geneva, Switzerland 
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Abstract 
 
Presently, the LHCb experiment at IP8 operates at reduced luminosity (~4.0 1032 cm-2 s-1) compared to 
ATLAS and CMS experiments. The LHCb collaboration is proposing an Upgrade II during HL-LHC 
operation, where the beams at IP8 will collide at high-luminosity (~1-2 1034 cm-2 s-1), comparable to the 
present high-luminosity regions IP1&IP5. The LHCb experiment aims to collect more than 300 fb-1 by 
the end of the HL-LHC operation. A feasibility study of operating IP8 at high-luminosity whilst 
preserving the performance at IP1 and IP5 and on the impact to the LHC machine and experimental 
cavern was done. Optics studies shows that solutions allowing to reach an integrated luminosity of 40 
to 50 fb-1 per year to LHCb/IP8 at the cost of a reduction of about 5% in the integrated luminosity of the 
main experiments ATLAS and CMS, under the assumption that there are no lifetime limitations besides 
burn-off, are feasible. Aspects like beam-beam effects that could have an impact on the beam lifetime 
and on the overall estimates of the integrated luminosities for LHCb and ATLAS and CMS need to be 
further studied. Energy deposition in the machine elements of the IR straight section 8 and LHC 
infrastructure and possible mitigation options were evaluated, revealing the challenges involved but also 
showing possible mitigation solutions. This is a first study with preliminary findings on the key aspects 
and a range of potential solutions for operating LHCb Upgrade II at a luminosity up to 2 1034 cm-2 s-1, 
permitting the collection of 300 fb-1 or more at IP8 during the envisaged lifetime of the LHC. Further 
studies are needed to fully validate the proposed options.  
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There is steady progress towards plans for an Upgrade II, that will operate in Runs 5 and 6. 
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Expression of Interest 
CERN-LHCC-2017-003

Physics case 
 CERN-LHCC-2018-027

Accelerator study 
 CERN-ACC-NOTE-2018-0038

European Strategy Update 2020
"The full potential of the LHC and the 
HL-LHC, including the study of flavour 

physics, should be exploited” 

CERN Research Board 2019 
"The recommendation to prepare a framework TDR 
for the LHCb Upgrade-II was endorsed, noting that 

LHCb is expected to run throughout the HL-LHC era.” 
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Summary

LHCb had enormously successful Runs 1 and 2 
➡ Key US contributions 

Upgrade I installed → major project on budget 
➡ Key US leadership 

Clear case for Upgrade II to fully exploit HL-LHC 
➡ Complementing ATLAS/CMS in the search for discoveries 

Broad support and growing interest 
➡ Additional support from DOE/OHEP would be very beneficial
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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
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RD* (hadronic) measurement at LHCb

[LHCb-PAPER-2022-052, In preparation]

MEASUREMENT OF RD* WITH PARTIAL RUN2 DATA (2015+16) USING HADRONIC DECAY 

R(D⇤) with hadronic ⌧ decays

• Hadronic ⌧+
! ⇡+⇡�⇡+(⇡0)⌫̄⌧

• LHCb partial Run 2 data : 2 fb�1 at
p
s= 13 TeV, 2015-16

(⇠ 1.5⇥ Run 1 sample)

• We determine the ratio of BFs for the signal and normalisation decays as

K(D⇤) =
B(B0

! D
⇤�⌧+⌫⌧ )

B(B0! D⇤�3⇡±)
=

Nsig

Nnorm

"norm
"sig

1

B(⌧+! 3⇡±(⇡0)⌫⌧ )

• This is converted to R(D⇤) with external inputs as

R(D⇤) = K(D⇤)

⇢
B(B0

! D
⇤�3⇡±)

B(B0! D⇤�µ+⌫µ)

�

ext. input
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ANALYSIS STRATEGY CONVERT INTO THE RATIO

DOMINANT BACKGROUND


๏ AROUND ~ 100X SIGNAL DECAY

Background contributions

• The most dominant background is
B ! D

⇤�3⇡±
X

• The 3⇡± directly from B meson
• Around ⇠ 100⇥ signal decays

• The second largest contribution from
B ! D

⇤�
DX decays - termed as

“double charm” decays
• D = D

+
s ,D+,D0

• Signal like topology with a detached

vertex due to non-negligible lifetime
• B ! D

⇤�
D

+
s X ⇠ 10⇥ signal decays

B0 →D*−τ +ντ

π − K +

π −

π −
π +

π +

D0

B0

π 0...

PV

pp

B0 →D*−π +π −π +X
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-
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p
+
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- K +

D*-

D
s
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SECOND LARGEST CONTRIBUTION


๏ DS CONTRIBUTION ~ 10X SIGNAL DECAY

[BACKUP]
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VELO incident
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R. Silva Coutinho

LFU analysis strategy: legacy measurement

q2[GeV/c4]
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DOUBLE RATIO WITH RESPECT TO EQUIVALENT CHARMONIUM MODE TO REDUCE SYSTEMATIC UNCERTAINTIES

RX COMPUTATION REDUCES TO MASS FITS AND 
EFFICIENCY CALCULATIONS (SIMULATION)
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LFU analysis strategy: legacy measurement
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<latexit sha1_base64="d1WiIt3sSOrVgHFldaD7EyVg1t0=">AAACAnicbVDJSgNBEO1xjXGLehIvjUHwFGdiUHMLeNBjBBOFZAw9nUrSpGexu0YMw+DFX/HiQRGvfoU3/8bOgrg9KHi8V0VVPS+SQqNtf1hT0zOzc/OZhezi0vLKam5tva7DWHGo8VCG6tJjGqQIoIYCJVxGCpjvSbjw+sdD/+IGlBZhcI6DCFyfdQPREZyhkVq5zeurpJg2mgi3qPzkBOrpHr9KSqnbyuXtQrm8Xy4WqSFHpf1SmToFe4QvkicTVFu592Y75LEPAXLJtG44doRuwhQKLiHNNmMNEeN91oWGoQHzQbvJ6IWU7hilTTuhMhUgHanfJxLmaz3wPdPpM+zp395Q/M9rxNg5chMRRDFCwMeLOrGkGNJhHrQtFHCUA0MYV8LcSnmPKcbRpJY1Ifx5+S+pFwuOXXDOSvnKwSSODNki22SXOOSQVMgpqZIa4eSOPJAn8mzdW4/Wi/U6bp2yJjMb5Aest0/Q9Zeo</latexit><latexit sha1_base64="d1WiIt3sSOrVgHFldaD7EyVg1t0=">AAACAnicbVDJSgNBEO1xjXGLehIvjUHwFGdiUHMLeNBjBBOFZAw9nUrSpGexu0YMw+DFX/HiQRGvfoU3/8bOgrg9KHi8V0VVPS+SQqNtf1hT0zOzc/OZhezi0vLKam5tva7DWHGo8VCG6tJjGqQIoIYCJVxGCpjvSbjw+sdD/+IGlBZhcI6DCFyfdQPREZyhkVq5zeurpJg2mgi3qPzkBOrpHr9KSqnbyuXtQrm8Xy4WqSFHpf1SmToFe4QvkicTVFu592Y75LEPAXLJtG44doRuwhQKLiHNNmMNEeN91oWGoQHzQbvJ6IWU7hilTTuhMhUgHanfJxLmaz3wPdPpM+zp395Q/M9rxNg5chMRRDFCwMeLOrGkGNJhHrQtFHCUA0MYV8LcSnmPKcbRpJY1Ifx5+S+pFwuOXXDOSvnKwSSODNki22SXOOSQVMgpqZIa4eSOPJAn8mzdW4/Wi/U6bp2yJjMb5Aest0/Q9Zeo</latexit><latexit sha1_base64="d1WiIt3sSOrVgHFldaD7EyVg1t0=">AAACAnicbVDJSgNBEO1xjXGLehIvjUHwFGdiUHMLeNBjBBOFZAw9nUrSpGexu0YMw+DFX/HiQRGvfoU3/8bOgrg9KHi8V0VVPS+SQqNtf1hT0zOzc/OZhezi0vLKam5tva7DWHGo8VCG6tJjGqQIoIYCJVxGCpjvSbjw+sdD/+IGlBZhcI6DCFyfdQPREZyhkVq5zeurpJg2mgi3qPzkBOrpHr9KSqnbyuXtQrm8Xy4WqSFHpf1SmToFe4QvkicTVFu592Y75LEPAXLJtG44doRuwhQKLiHNNmMNEeN91oWGoQHzQbvJ6IWU7hilTTuhMhUgHanfJxLmaz3wPdPpM+zp395Q/M9rxNg5chMRRDFCwMeLOrGkGNJhHrQtFHCUA0MYV8LcSnmPKcbRpJY1Ifx5+S+pFwuOXXDOSvnKwSSODNki22SXOOSQVMgpqZIa4eSOPJAn8mzdW4/Wi/U6bp2yJjMb5Aest0/Q9Zeo</latexit><latexit sha1_base64="d1WiIt3sSOrVgHFldaD7EyVg1t0=">AAACAnicbVDJSgNBEO1xjXGLehIvjUHwFGdiUHMLeNBjBBOFZAw9nUrSpGexu0YMw+DFX/HiQRGvfoU3/8bOgrg9KHi8V0VVPS+SQqNtf1hT0zOzc/OZhezi0vLKam5tva7DWHGo8VCG6tJjGqQIoIYCJVxGCpjvSbjw+sdD/+IGlBZhcI6DCFyfdQPREZyhkVq5zeurpJg2mgi3qPzkBOrpHr9KSqnbyuXtQrm8Xy4WqSFHpf1SmToFe4QvkicTVFu592Y75LEPAXLJtG44doRuwhQKLiHNNmMNEeN91oWGoQHzQbvJ6IWU7hilTTuhMhUgHanfJxLmaz3wPdPpM+zp395Q/M9rxNg5chMRRDFCwMeLOrGkGNJhHrQtFHCUA0MYV8LcSnmPKcbRpJY1Ifx5+S+pFwuOXXDOSvnKwSSODNki22SXOOSQVMgpqZIa4eSOPJAn8mzdW4/Wi/U6bp2yJjMb5Aest0/Q9Zeo</latexit>

e+e�
<latexit sha1_base64="0bo0s20wt8Zkcb5vB0oAFrDXyME=">AAAB7XicbVDJSgNBEO2JW4xb1KOXxiAI4jAzCZi5Bbx4jGAWSCahp1OTtOlZ6O4RwpB/8OJBEa/+jzf/xs6CqPFBweO9Kqrq+QlnUlnWp5FbW9/Y3MpvF3Z29/YPiodHTRmngkKDxjwWbZ9I4CyChmKKQzsRQEKfQ8sfX8/81gMIyeLoTk0S8EIyjFjAKFFaakLvAnqX/WLJMl237DoO1qRaKVdcbJvWHN+khJao94sf3UFM0xAiRTmRsmNbifIyIhSjHKaFbiohIXRMhtDRNCIhSC+bXzvFZ1oZ4CAWuiKF5+rPiYyEUk5CX3eGRI3kX28m/ud1UhVUvYxFSaogootFQcqxivHsdTxgAqjiE00IFUzfiumICEKVDqigQ1h5eZU0HdO2TPu2Uqo5yzjy6ASdonNkoytUQzeojhqIonv0iJ7RixEbT8ar8bZozRnLmWP0C8b7Fydgjsw=</latexit><latexit sha1_base64="0bo0s20wt8Zkcb5vB0oAFrDXyME=">AAAB7XicbVDJSgNBEO2JW4xb1KOXxiAI4jAzCZi5Bbx4jGAWSCahp1OTtOlZ6O4RwpB/8OJBEa/+jzf/xs6CqPFBweO9Kqrq+QlnUlnWp5FbW9/Y3MpvF3Z29/YPiodHTRmngkKDxjwWbZ9I4CyChmKKQzsRQEKfQ8sfX8/81gMIyeLoTk0S8EIyjFjAKFFaakLvAnqX/WLJMl237DoO1qRaKVdcbJvWHN+khJao94sf3UFM0xAiRTmRsmNbifIyIhSjHKaFbiohIXRMhtDRNCIhSC+bXzvFZ1oZ4CAWuiKF5+rPiYyEUk5CX3eGRI3kX28m/ud1UhVUvYxFSaogootFQcqxivHsdTxgAqjiE00IFUzfiumICEKVDqigQ1h5eZU0HdO2TPu2Uqo5yzjy6ASdonNkoytUQzeojhqIonv0iJ7RixEbT8ar8bZozRnLmWP0C8b7Fydgjsw=</latexit><latexit sha1_base64="0bo0s20wt8Zkcb5vB0oAFrDXyME=">AAAB7XicbVDJSgNBEO2JW4xb1KOXxiAI4jAzCZi5Bbx4jGAWSCahp1OTtOlZ6O4RwpB/8OJBEa/+jzf/xs6CqPFBweO9Kqrq+QlnUlnWp5FbW9/Y3MpvF3Z29/YPiodHTRmngkKDxjwWbZ9I4CyChmKKQzsRQEKfQ8sfX8/81gMIyeLoTk0S8EIyjFjAKFFaakLvAnqX/WLJMl237DoO1qRaKVdcbJvWHN+khJao94sf3UFM0xAiRTmRsmNbifIyIhSjHKaFbiohIXRMhtDRNCIhSC+bXzvFZ1oZ4CAWuiKF5+rPiYyEUk5CX3eGRI3kX28m/ud1UhVUvYxFSaogootFQcqxivHsdTxgAqjiE00IFUzfiumICEKVDqigQ1h5eZU0HdO2TPu2Uqo5yzjy6ASdonNkoytUQzeojhqIonv0iJ7RixEbT8ar8bZozRnLmWP0C8b7Fydgjsw=</latexit><latexit sha1_base64="0bo0s20wt8Zkcb5vB0oAFrDXyME=">AAAB7XicbVDJSgNBEO2JW4xb1KOXxiAI4jAzCZi5Bbx4jGAWSCahp1OTtOlZ6O4RwpB/8OJBEa/+jzf/xs6CqPFBweO9Kqrq+QlnUlnWp5FbW9/Y3MpvF3Z29/YPiodHTRmngkKDxjwWbZ9I4CyChmKKQzsRQEKfQ8sfX8/81gMIyeLoTk0S8EIyjFjAKFFaakLvAnqX/WLJMl237DoO1qRaKVdcbJvWHN+khJao94sf3UFM0xAiRTmRsmNbifIyIhSjHKaFbiohIXRMhtDRNCIhSC+bXzvFZ1oZ4CAWuiKF5+rPiYyEUk5CX3eGRI3kX28m/ud1UhVUvYxFSaogootFQcqxivHsdTxgAqjiE00IFUzfiumICEKVDqigQ1h5eZU0HdO2TPu2Uqo5yzjy6ASdonNkoytUQzeojhqIonv0iJ7RixEbT8ar8bZozRnLmWP0C8b7Fydgjsw=</latexit>

µ+µ�
<latexit sha1_base64="s8pjYRXcKNp8qr9fKkSnFUwbb2g=">AAAB8XicbVDLSgMxFM34rPVVdekmWARBHGamBTu7ghuXFewD27Fk0kwbmmSGJCOUoX/hxoUibv0bd/6NmbaIWg8kHM65l3vvCRNGlXacT2tldW19Y7OwVdze2d3bLx0ctlScSkyaOGax7IRIEUYFaWqqGekkkiAeMtIOx1e5334gUtFY3OpJQgKOhoJGFCNtpLseT+/P8++iXyo7tu9XfM+DhtSqlaoPXduZ4ZuUwQKNfumjN4hxyonQmCGluq6T6CBDUlPMyLTYSxVJEB6jIekaKhAnKshmG0/hqVEGMIqleULDmfqzI0NcqQkPTSVHeqT+ern4n9dNdVQLMiqSVBOB54OilEEdw/x8OKCSYM0mhiAsqdkV4hGSCGsTUtGEsHTyMml5tuvY7k21XPcWcRTAMTgBZ8AFl6AOrkEDNAEGAjyCZ/BiKevJerXe5qUr1qLnCPyC9f4FWOCQpg==</latexit><latexit sha1_base64="s8pjYRXcKNp8qr9fKkSnFUwbb2g=">AAAB8XicbVDLSgMxFM34rPVVdekmWARBHGamBTu7ghuXFewD27Fk0kwbmmSGJCOUoX/hxoUibv0bd/6NmbaIWg8kHM65l3vvCRNGlXacT2tldW19Y7OwVdze2d3bLx0ctlScSkyaOGax7IRIEUYFaWqqGekkkiAeMtIOx1e5334gUtFY3OpJQgKOhoJGFCNtpLseT+/P8++iXyo7tu9XfM+DhtSqlaoPXduZ4ZuUwQKNfumjN4hxyonQmCGluq6T6CBDUlPMyLTYSxVJEB6jIekaKhAnKshmG0/hqVEGMIqleULDmfqzI0NcqQkPTSVHeqT+ern4n9dNdVQLMiqSVBOB54OilEEdw/x8OKCSYM0mhiAsqdkV4hGSCGsTUtGEsHTyMml5tuvY7k21XPcWcRTAMTgBZ8AFl6AOrkEDNAEGAjyCZ/BiKevJerXe5qUr1qLnCPyC9f4FWOCQpg==</latexit><latexit sha1_base64="s8pjYRXcKNp8qr9fKkSnFUwbb2g=">AAAB8XicbVDLSgMxFM34rPVVdekmWARBHGamBTu7ghuXFewD27Fk0kwbmmSGJCOUoX/hxoUibv0bd/6NmbaIWg8kHM65l3vvCRNGlXacT2tldW19Y7OwVdze2d3bLx0ctlScSkyaOGax7IRIEUYFaWqqGekkkiAeMtIOx1e5334gUtFY3OpJQgKOhoJGFCNtpLseT+/P8++iXyo7tu9XfM+DhtSqlaoPXduZ4ZuUwQKNfumjN4hxyonQmCGluq6T6CBDUlPMyLTYSxVJEB6jIekaKhAnKshmG0/hqVEGMIqleULDmfqzI0NcqQkPTSVHeqT+ern4n9dNdVQLMiqSVBOB54OilEEdw/x8OKCSYM0mhiAsqdkV4hGSCGsTUtGEsHTyMml5tuvY7k21XPcWcRTAMTgBZ8AFl6AOrkEDNAEGAjyCZ/BiKevJerXe5qUr1qLnCPyC9f4FWOCQpg==</latexit><latexit sha1_base64="s8pjYRXcKNp8qr9fKkSnFUwbb2g=">AAAB8XicbVDLSgMxFM34rPVVdekmWARBHGamBTu7ghuXFewD27Fk0kwbmmSGJCOUoX/hxoUibv0bd/6NmbaIWg8kHM65l3vvCRNGlXacT2tldW19Y7OwVdze2d3bLx0ctlScSkyaOGax7IRIEUYFaWqqGekkkiAeMtIOx1e5334gUtFY3OpJQgKOhoJGFCNtpLseT+/P8++iXyo7tu9XfM+DhtSqlaoPXduZ4ZuUwQKNfumjN4hxyonQmCGluq6T6CBDUlPMyLTYSxVJEB6jIekaKhAnKshmG0/hqVEGMIqleULDmfqzI0NcqQkPTSVHeqT+ern4n9dNdVQLMiqSVBOB54OilEEdw/x8OKCSYM0mhiAsqdkV4hGSCGsTUtGEsHTyMml5tuvY7k21XPcWcRTAMTgBZ8AFl6AOrkEDNAEGAjyCZ/BiKevJerXe5qUr1qLnCPyC9f4FWOCQpg==</latexit>

B0 ! K⇤J/ (1S)
<latexit sha1_base64="EhoFvhe7OUxZ17ZDlkJwOXLphlQ="></latexit><latexit sha1_base64="EhoFvhe7OUxZ17ZDlkJwOXLphlQ="></latexit><latexit sha1_base64="EhoFvhe7OUxZ17ZDlkJwOXLphlQ="></latexit><latexit sha1_base64="EhoFvhe7OUxZ17ZDlkJwOXLphlQ="></latexit>

e+e+
<latexit sha1_base64="TDKsYydTMa4kDHKIci2Qb6kKK2o="></latexit><latexit sha1_base64="TDKsYydTMa4kDHKIci2Qb6kKK2o="></latexit><latexit sha1_base64="TDKsYydTMa4kDHKIci2Qb6kKK2o="></latexit><latexit sha1_base64="TDKsYydTMa4kDHKIci2Qb6kKK2o="></latexit>

µ+µ+
<latexit sha1_base64="VFvvqOQQIh2d1WnxpFZzKS12Ncs="></latexit><latexit sha1_base64="VFvvqOQQIh2d1WnxpFZzKS12Ncs="></latexit><latexit sha1_base64="VFvvqOQQIh2d1WnxpFZzKS12Ncs="></latexit><latexit sha1_base64="VFvvqOQQIh2d1WnxpFZzKS12Ncs="></latexit>

36

SIMULTANEOUS ANALYSIS OF RK AND RK* RATIOS AND TWO DILEPTON BINS
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<latexit sha1_base64="r0rIM5EmVHPTgjF/iJvP/LOD1dA="></latexit><latexit sha1_base64="vh+l10YkWoRacnZhfHFT5sxdJ74="></latexit><latexit sha1_base64="vh+l10YkWoRacnZhfHFT5sxdJ74="></latexit><latexit sha1_base64="a/93rRoLgylVJO+gd1oCAsru9gA="></latexit>

Low q2: [0.1, 1.1]GeV
<latexit sha1_base64="Vh+tosgmwxFIAy2Rl91Wp09pRRU=">AAACAXicdVDJSgNBEO1xjXGLehG8DAbBQxhmAqLeAh70GMEsMDOEnk5N0qRnobtGDEO8+CtePCji1b/w5t/YWRDXBwWP96qoqhekgiu07Xdjbn5hcWm5sFJcXVvf2CxtbTdVkkkGDZaIRLYDqkDwGBrIUUA7lUCjQEArGJyN/dY1SMWT+AqHKfgR7cU85IyiljqlXde2nIrpWI7vVTyEG5RRfg7NUadUtq3TMY60a0/wm5TJDPVO6c3rJiyLIEYmqFKuY6fo51QiZwJGRS9TkFI2oD1wNY1pBMrPJx+MzAOtdM0wkbpiNCfq14mcRkoNo0B3RhT76qc3Fv/y3AzDEz/ncZohxGy6KMyEiYk5jsPscgkMxVATyiTXt5qsTyVlqEMr6hD+//2TNKuWo1O8rJZr9iyOAtkj++SQOOSY1MgFqZMGYeSW3JNH8mTcGQ/Gs/EybZ0zZjM75BuM1w8jg5Vg</latexit><latexit sha1_base64="Vh+tosgmwxFIAy2Rl91Wp09pRRU=">AAACAXicdVDJSgNBEO1xjXGLehG8DAbBQxhmAqLeAh70GMEsMDOEnk5N0qRnobtGDEO8+CtePCji1b/w5t/YWRDXBwWP96qoqhekgiu07Xdjbn5hcWm5sFJcXVvf2CxtbTdVkkkGDZaIRLYDqkDwGBrIUUA7lUCjQEArGJyN/dY1SMWT+AqHKfgR7cU85IyiljqlXde2nIrpWI7vVTyEG5RRfg7NUadUtq3TMY60a0/wm5TJDPVO6c3rJiyLIEYmqFKuY6fo51QiZwJGRS9TkFI2oD1wNY1pBMrPJx+MzAOtdM0wkbpiNCfq14mcRkoNo0B3RhT76qc3Fv/y3AzDEz/ncZohxGy6KMyEiYk5jsPscgkMxVATyiTXt5qsTyVlqEMr6hD+//2TNKuWo1O8rJZr9iyOAtkj++SQOOSY1MgFqZMGYeSW3JNH8mTcGQ/Gs/EybZ0zZjM75BuM1w8jg5Vg</latexit><latexit sha1_base64="Vh+tosgmwxFIAy2Rl91Wp09pRRU=">AAACAXicdVDJSgNBEO1xjXGLehG8DAbBQxhmAqLeAh70GMEsMDOEnk5N0qRnobtGDEO8+CtePCji1b/w5t/YWRDXBwWP96qoqhekgiu07Xdjbn5hcWm5sFJcXVvf2CxtbTdVkkkGDZaIRLYDqkDwGBrIUUA7lUCjQEArGJyN/dY1SMWT+AqHKfgR7cU85IyiljqlXde2nIrpWI7vVTyEG5RRfg7NUadUtq3TMY60a0/wm5TJDPVO6c3rJiyLIEYmqFKuY6fo51QiZwJGRS9TkFI2oD1wNY1pBMrPJx+MzAOtdM0wkbpiNCfq14mcRkoNo0B3RhT76qc3Fv/y3AzDEz/ncZohxGy6KMyEiYk5jsPscgkMxVATyiTXt5qsTyVlqEMr6hD+//2TNKuWo1O8rJZr9iyOAtkj++SQOOSY1MgFqZMGYeSW3JNH8mTcGQ/Gs/EybZ0zZjM75BuM1w8jg5Vg</latexit><latexit sha1_base64="Vh+tosgmwxFIAy2Rl91Wp09pRRU=">AAACAXicdVDJSgNBEO1xjXGLehG8DAbBQxhmAqLeAh70GMEsMDOEnk5N0qRnobtGDEO8+CtePCji1b/w5t/YWRDXBwWP96qoqhekgiu07Xdjbn5hcWm5sFJcXVvf2CxtbTdVkkkGDZaIRLYDqkDwGBrIUUA7lUCjQEArGJyN/dY1SMWT+AqHKfgR7cU85IyiljqlXde2nIrpWI7vVTyEG5RRfg7NUadUtq3TMY60a0/wm5TJDPVO6c3rJiyLIEYmqFKuY6fo51QiZwJGRS9TkFI2oD1wNY1pBMrPJx+MzAOtdM0wkbpiNCfq14mcRkoNo0B3RhT76qc3Fv/y3AzDEz/ncZohxGy6KMyEiYk5jsPscgkMxVATyiTXt5qsTyVlqEMr6hD+//2TNKuWo1O8rJZr9iyOAtkj++SQOOSY1MgFqZMGYeSW3JNH8mTcGQ/Gs/EybZ0zZjM75BuM1w8jg5Vg</latexit>

[1.1,6.0]GeV
<latexit sha1_base64="R0Kr4hHde12x3Ik416OSY0cQbLE=">AAACAHicdVDJSgNBEO1xjXGLevDgZTAIHsIwE3C7BTzoMYJZIDOEnk5N0qRnobtGDEMu/ooXD4p49TO8+Tf2JEFcHxQ83quiqp6fCK7Qtt+NufmFxaXlwkpxdW19Y7O0td1UcSoZNFgsYtn2qQLBI2ggRwHtRAINfQEtf3ie+60bkIrH0TWOEvBC2o94wBlFLXVLux3HcirHlu25FRfhFmWYXUBz3C2Vbessx5HpWPYEv0mZzFDvlt7cXszSECJkgirVcewEvYxK5EzAuOimChLKhrQPHU0jGoLysskDY/NAKz0ziKWuCM2J+nUio6FSo9DXnSHFgfrp5eJfXifF4NTLeJSkCBGbLgpSYWJs5mmYPS6BoRhpQpnk+laTDaikDHVmRR3C/79/kmbVcmzLuaqWa/YsjgLZI/vkkDjkhNTIJamTBmFkTO7JI3ky7owH49l4mbbOGbOZHfINxusH0l6VOw==</latexit><latexit sha1_base64="R0Kr4hHde12x3Ik416OSY0cQbLE=">AAACAHicdVDJSgNBEO1xjXGLevDgZTAIHsIwE3C7BTzoMYJZIDOEnk5N0qRnobtGDEMu/ooXD4p49TO8+Tf2JEFcHxQ83quiqp6fCK7Qtt+NufmFxaXlwkpxdW19Y7O0td1UcSoZNFgsYtn2qQLBI2ggRwHtRAINfQEtf3ie+60bkIrH0TWOEvBC2o94wBlFLXVLux3HcirHlu25FRfhFmWYXUBz3C2Vbessx5HpWPYEv0mZzFDvlt7cXszSECJkgirVcewEvYxK5EzAuOimChLKhrQPHU0jGoLysskDY/NAKz0ziKWuCM2J+nUio6FSo9DXnSHFgfrp5eJfXifF4NTLeJSkCBGbLgpSYWJs5mmYPS6BoRhpQpnk+laTDaikDHVmRR3C/79/kmbVcmzLuaqWa/YsjgLZI/vkkDjkhNTIJamTBmFkTO7JI3ky7owH49l4mbbOGbOZHfINxusH0l6VOw==</latexit><latexit sha1_base64="R0Kr4hHde12x3Ik416OSY0cQbLE=">AAACAHicdVDJSgNBEO1xjXGLevDgZTAIHsIwE3C7BTzoMYJZIDOEnk5N0qRnobtGDEMu/ooXD4p49TO8+Tf2JEFcHxQ83quiqp6fCK7Qtt+NufmFxaXlwkpxdW19Y7O0td1UcSoZNFgsYtn2qQLBI2ggRwHtRAINfQEtf3ie+60bkIrH0TWOEvBC2o94wBlFLXVLux3HcirHlu25FRfhFmWYXUBz3C2Vbessx5HpWPYEv0mZzFDvlt7cXszSECJkgirVcewEvYxK5EzAuOimChLKhrQPHU0jGoLysskDY/NAKz0ziKWuCM2J+nUio6FSo9DXnSHFgfrp5eJfXifF4NTLeJSkCBGbLgpSYWJs5mmYPS6BoRhpQpnk+laTDaikDHVmRR3C/79/kmbVcmzLuaqWa/YsjgLZI/vkkDjkhNTIJamTBmFkTO7JI3ky7owH49l4mbbOGbOZHfINxusH0l6VOw==</latexit><latexit sha1_base64="R0Kr4hHde12x3Ik416OSY0cQbLE=">AAACAHicdVDJSgNBEO1xjXGLevDgZTAIHsIwE3C7BTzoMYJZIDOEnk5N0qRnobtGDEMu/ooXD4p49TO8+Tf2JEFcHxQ83quiqp6fCK7Qtt+NufmFxaXlwkpxdW19Y7O0td1UcSoZNFgsYtn2qQLBI2ggRwHtRAINfQEtf3ie+60bkIrH0TWOEvBC2o94wBlFLXVLux3HcirHlu25FRfhFmWYXUBz3C2Vbessx5HpWPYEv0mZzFDvlt7cXszSECJkgirVcewEvYxK5EzAuOimChLKhrQPHU0jGoLysskDY/NAKz0ziKWuCM2J+nUio6FSo9DXnSHFgfrp5eJfXifF4NTLeJSkCBGbLgpSYWJs5mmYPS6BoRhpQpnk+laTDaikDHVmRR3C/79/kmbVcmzLuaqWa/YsjgLZI/vkkDjkhNTIJamTBmFkTO7JI3ky7owH49l4mbbOGbOZHfINxusH0l6VOw==</latexit>
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Figure 2: Candidate invariant mass distributions. Distribution of the invariant mass
m(J/ )(K

+`+`�) for candidates with (left) electron and (right) muon pairs in the final state for the
(top) nonresonant B+

! K+`+`� signal channels and (bottom) resonant B+
! J/ (! `+`�)K+

decays. The fit projection is superimposed, with dotted lines describing the signal contribution
and solid areas representing each of the background components described in the text and listed
in the legend. In the resonant-mode distributions, some fit components are too small to be
visible.

statistical and systematic uncertainty is then determined by scanning the profile-likelihood
and the statistical contribution to the uncertainty is isolated by repeating the scan with
the e�ciencies fixed to their fitted values.

The determination of the rJ/ ratio requires control of the relative selection e�ciencies
for the resonant electron and muon modes, and does not therefore benefit from the
cancellation of systematic e↵ects in the double ratio used to measure RK . Given the scale
of the corrections required, comparison of rJ/ with unity is a stringent cross check of the
experimental procedure. In addition, if the simulation is correctly calibrated, the measured
rJ/ value will not depend on any variable. The rJ/ ratio is therefore also computed as
a function of di↵erent kinematic variables. Even though the nonresonant and resonant
samples are mutually exclusive as a function of q2, there is significant overlap between
them in the quantities on which the e�ciency depends, such as the laboratory-frame
momenta of the final-state particles, or the opening angle between the two leptons. This
is because a given set of values for the final-state particles’ momenta and angles in the B+

rest frame will result in a distribution of such values when transformed to the laboratory
frame.

The value of rJ/ is measured to be 0.981 ± 0.020. This uncertainty includes both
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IMPROVED SIMULATION CORRECTIONS AND STRINGENT CROSSCHECK WITH RESONANT MODES
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Figure 1: Variation of e�ciency corrected ratios (top row, left to right): rKJ/ , R
K
 (2S), RK in

low- and central-q2 regions; (bottom row) analogous plots for the K⇤0
channel. Measurements

are relative to the final value for the given observable. The simulation calibration using B0
and

B+
chains for successive calibration weights are shown and almost indistinguishable.

analogous to Eq. 2 but with B(+,0)
! K(+,⇤0) (2S)(! `+`�) in place of the nonresonant

B(+,0)
! K(+,⇤0)`+`� decays. Resonant mode yields are extracted using a simultaneous

maximum-likelihood fit to the invariant mass of the B candidate. Signal lineshapes, as
well as misidentified and partially reconstructed background shapes, are derived using
simulated data. Residual data-simulation di↵erences are parametrized by a shift in
the mean and a scale factor applied to the width of the signal lineshape. Remaining
combinatorial backgrounds are modeled using an exponential function with a freely varying
slope. Ratios of misidentified background yields are constrained between the electron and
muon final states using e�ciencies derived from simulated data. The measured single
ratios are found to be rKJ/ = 1.047 ± 0.024 and rK

⇤

J/ = 1.028 ± 0.024, while the measured

double ratios are found to be RK
 (2S) = 0.987 ± 0.007 and RK⇤

 (2S) = 1.012 ± 0.013. These
uncertainties include both statistical and systematic components: the latter dominate for
the single ratios, while the opposite is true for the double ratios. The rKJ/ and rK

⇤

J/ ratios
have no significant dependence on kinematic and geometrical quantities, and a systematic
uncertainty is assigned for residual non-flatness. As in previous LHCb lepton universality
tests, agreement of these quantities with predictions of the SM was a prerequisite to
evaluating the R(K,K⇤) observables.
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well as misidentified and partially reconstructed background shapes, are derived using
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Renato Quagliani LHC Seminar, CERN 32

0.95 1.00 1.05 1.10 1.15 1.20

rK
J/√

0.95

1.00

1.05

1.10

1.15

1.20

rK
§

J
/√

LHCb
9 fb-1 best fit

68% C.L.
95% C.L.
99% C.L.

0.96 0.98 1.00 1.02 1.04

RK
√(2S)

0.96

0.98

1.00

1.02

1.04

1.06

1.08

1.10

R
K

§

√
(2

S
)

LHCb
9 fb-1 best fit

68% C.L.
95% C.L.
99% C.L.

✦  from  mass fit not includedσsyst ψ(2S)
✦  from  double ratio includedσsyst ε

✦  from  mass fit includedσsyst J/ψ
✦  from  single ratio includedσsyst ε

Analysis: cross-checks

SIMILAR RESULT FOR OTHER CHARMONIUM (2S)
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Analysis: fit-setup Mass fit to rare mode muons: simultaneous fit RK,K*0
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Analysis: fit-setup Mass fit to rare mode muons: simultaneous fit RK,K*0
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R. Silva Coutinho

Legacy Measurement: muon data fits
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Tightening selection in electron PID without specific treatment of electron misidentified 

backgrounds exhibited a coherent pattern

Analysis: fit-setup

DLL(e): 

combination of   

sub-detectors  

delta-log-likelihood 

for /e π

ProbNN(e): 

neural-net based 

e-ID score 

DLL(e): combination of sub-detectors delta log-likehood for π/e 

ProbNN(e): neural-net based e-ID score
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DID WE MISS SOMETHING? WHAT ABOUT DOUBLE MISIDENTIFICATION?

Renato Quagliani LHC Seminar, CERN 38

Misidentified background in electron mode
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✦ Simple backgrounds from double-misidentification can be isolated inverting PID criteria 
(close to nominal selection) after full selection (i.e  ) on electron modeK+,*0h+h−

Analysis: fit-setup

✦ Similar structures (see backup) also for , however unknown Dalitz for   
✦ Single misidentification background as well, often unknown 
✦ Developed a new inclusive data-driven treatment of misidentified background 

RK* K*0h+h−
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Misidentified background in electron mode
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✦ Simple backgrounds from double-misidentification can be isolated inverting PID criteria 
(close to nominal selection) after full selection (i.e  ) on electron modeK+,*0h+h−

Analysis: fit-setup

✦ Similar structures (see backup) also for , however unknown Dalitz for   
✦ Single misidentification background as well, often unknown 
✦ Developed a new inclusive data-driven treatment of misidentified background 

RK* K*0h+h−

INVERTING THE PID SELECTION

SIMILAR STRUCTURE SEEN IN RK*; HOWEVER UNKNOWN DYNAMICS


SINGLE MISIDENTIFICATION AS WELL; OFTEN UNKNOWN

NEW DATA-DRIVEN METHODOLOGY TO ESTIMATE MISIDENTIFIED BACKGROUNDS
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INVERT PID REQUIREMENTS ON ONE OR BOTH ELECTRONS (CONTROL CHANNEL)

Renato Quagliani LHC Seminar, CERN 39
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Misidentified background in electron modeAnalysis: fit-setup

✦ Invert PID requirements on one or both  after full selection (control region) 

✦ Subtract residual  signal falling in the control region

e

e+e−

✦ Categorise pion- and kaon-like electrons in control region based on neural-net kaon ID 

classifier 

✦ Per-event/per-track weights on  to predict background shape and normalisation for efail epass

CATEGORISE PION- AND KAON-LIKE ELECTRONS IN CONTROL REGION WITH NEURAL-NET ID


PARAMETRIZE SHAPE AND PREDICT NORMALISATION OF SUCH CONTRIBUTION

CONTROL REGIONS
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SIMILAR MISIDENTIFIED BACKGROUND MODELLING FOR RK*
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Mass fit to rare mode electrons: simultaneous fit RK,K*0
Analysis: fit-setup

low-q2 central-q2 resonant-J/ψ
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Systematics break down
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✦ Dominant systematic from misidentified backgrounds estimation from data driven method 
✦ Measurement still statistically dominated
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Figure 28: Measured values of LU observables in B+
! K+`+`� and B0

! K⇤0`+`� decays and
their overall compatibility with the SM.

treatment of misidentified hadronic backgrounds in the electron mode are also evaluated
using pseudoexperiments. The biggest shift (0.064) is found to be due to the more stringent
PID, which enhances signal purity by the removal of contributions from processes that
were not previously modeled. Residual misidentified backgrounds are modeled in the
fit, resulting in a further shift (0.038) compared to the previous analysis. These shifts
add linearly. The systematic shift due to misidentified backgrounds to electrons, and
the uncertainties assigned to the results presented here, are greater than the systematic
uncertainties in the earlier publication of RK . The assigned systematic uncertainties on
the new measurements presented in this paper are smaller than in previous papers, except
for RK (central-q2) where the new result has a smaller overall relative uncertainty despite
an increase in the systematic uncertainty from that of Ref. [24]. In all cases, the statistical
uncertainties remain significantly larger than the systematic uncertainties and therefore
additional data will continue to challenge the Standard Model.

57

MOST STRINGENT LFU MEASUREMENT IN THESE TRANSITIONS

COMPATIBILITY WITH THE SM (SIMPLE CHI-TEST) ON 4 MEASUREMENTS OF 0.2 SIGMA  

[BACKUP]


