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À l’expérience LHCb avec la désintégration semileptonique : B0
s ⟶ K ± μ∓ νμFigure 3.3: Instantaneous luminosity during a typical fill for ATLAS (IP1), CMS (IP5) and

LHCb (IP8). When the transverse o↵set between the beams is fully removed in IP8 the beams
collide head-on and the luminosity decays exponentially as in IP1 and IP5. Taken from Ref. [7].

3.2 Overview of LHCb
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Figure 3.4: Schematic of the LHCb detector. Taken from Ref. [57].

The Large Hadron Collider Beauty (LHCb) detector [4, 58] is a single-arm forward

spectrometer covering angles from approximately 15mrad to 300 (250)mrad in the bending

(non-bending) plane (approximately 2 < ⌘ < 5). It was designed as a dedicated experiment

for the study of particles containing b or c quarks. The layout of the detector is shown
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Coupe du détecteur LHCb Diagramme de Feynman de la 
désintégration : B0

s ⟶ K− μ+ νμ
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Variables Importance

Mass_KMuMuisotr_as_KJpsi 9.695 ·103
K_IP_OWNPV 1.729 ·103

mu_PT 1.061 ·103
B_FlightAngle 8.395 ·102

B_TRKISOBDTVELO_01 4.935 ·102
Mass_KKisotr_as_KK 3.576 ·102
K_MIPCHI2DV_PV 2.685 ·102

K_PT 1.239 ·102
min_IsoMin 5.637 ·101

K_P 1.886 ·101
mu_NIsoTr_ANGLE 1.447 ·101
B_cosTheta1_star 6.786 ·100

K_0_50_nc_IT 2.895 ·100
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Le changement de saveur chez les fermions au LHC

❖ L’interaction faible par   Changement de saveur de quarks :   
Probabilité décrite par l’élément  de la matrice CKM


❖ Le LHC au CERN produit lors de collisions proton-proton de haute énergie de 
la matière hadronique  Permet d’étudier la physique relative aux quarks


❖  décrit la transition   Mesure intéressante pour le LHCb qui est 
spécialisé dans la physique à quark  grâce à la géométrie de son détecteur


❖ La désintégration  sera le signal de l’analyse   sera 
extrait de son taux de désintégration

W ⇒ q ↔ q′ ⇒
Vqq′ 

⇒

Vub u ↔ b ⇒
b

B0
s ⟶ K− μ+ νμ ⇒ Vub

Importance de la mesure avec précision : 

❖ Contrainte du Triangle d'Unitarité de la matrice CKM


❖ Amélioration de la précision sur l'élément CKM le moins connu 

❖ Sonder la Nouvelle Physique 

❖ Aider à résoudre la tension entre la mesure exclusive et inclusive 

Stratégie de l’analyse : 

❖ Désintégration décrite par des facteurs de forme (FFs) en fonction de 
 calculés avec LCSR (bas ) ou LQCD (haut ) 

❖ Fit sur la masse de  pour accéder à  et 

ensuite 


❖ Pas de reconstruction de  au LHC  Masse du  obtenue avec 
une technique de reconstruction semileptonique à partir des 
produits de désintégration visibles 

q2 = ( pμ + pν)2 q2 q2

B0
s B r (B0

s → K−μ+νμ)
Vub

ν ⇒ B0
s

K μ

État et stratégie pour la mesure de Vub

Exclusive |Vub| from B0
s mesons
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4c/2
 > 15 GeV2, qνµ p→ bΛ 4c/2
 < 7 GeV2, qνµ K→ sB

4c/2
 > 7 GeV2, qνµ K→ sB

LHCb Uncertainty All q2 low q2 high q2

Tracking 2.0 2.0 2.0
Trigger 1.4 1.2 1.6
Particle identification 1.0 1.0 1.0
�(mcorr) 0.5 0.5 0.5
Isolation 0.2 0.2 0.2
Charged BDT 0.6 0.6 0.6
Neutral BDT 1.1 1.1 1.1
q2 migration – 2.0 2.0
E�ciency 1.2 1.6 1.6
Fit template +2.3

�2.9
+1.8
�2.4

+3.0
�3.4

Total +4.0
�4.3

+4.3
�4.5

+5.0
�5.3

[Phys. Rev. Let. 126, 081804]

• Measurement (in individual q2 bins) is systematically limited, many are connected with limited size
of simulation sample.

• More q2 bins will allow for amore precise measurement using the full LHCb data set.
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Mesures actuelles de  et  au LHCb|Vub | |Vcb |13 12. CKM Quark-Mixing Matrix
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Figure 12.2: Constraints on the fl̄, ÷̄ plane. The shaded areas have 95% CL.

and the Jarlskog invariant is J =
!
3.08+0.15

≠0.13
"

◊ 10≠5. The parameters in Eq. (12.3) are

sin ◊12 = 0.22500 ± 0.00067 , sin ◊13 = 0.00369 ± 0.00011 ,

sin ◊23 = 0.04182+0.00085
≠0.00074 , ” = 1.144 ± 0.027 . (12.28)

Fig. 12.2 illustrates the constraints on the fl̄, ÷̄ plane from various measurements, and the global
fit result. The shaded 95% CL regions all overlap consistently around the global fit region. This
reverts a change in the 2020 edition, when the shown CL of each region was increased to 99%,
because of poor consistency (primarily due to changes in |Vud|), which is no longer the case.

If one uses only tree-level inputs (magnitudes of CKM elements not coupling to the top quark
and the angle “), the resulting fit is almost identical for ⁄ in Eq. (12.26), while the other pa-
rameters’ central values can change by about a sigma and their uncertainties double, yielding
⁄ = 0.22507 ± 0.00068, A = 0.805 ± 0.028, fl̄ = 0.166+0.026

≠0.024, and ÷̄ = 0.370+0.029
≠0.028. This illustrates

how the constraints can be less tight in the presence of BSM physics.

12.5 Implications beyond the SM
The e�ects in B, Bs, K, and D decays and mixings due to high-scale physics (W , Z, t, H in

the SM, and unknown heavier particles) can be parameterized by operators composed of SM fields,
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Contraintes de la matrice CKM sur le triangle 
d’unitarité

Méthode de reconstruction du  et formule de la masse corrigée de 
qui en découle

ν
B0

s

et al.
The full set of results from the form factor calculations including decay widths in

di↵erent regions of phase space and predicted branching fractions are given in Tables 1 and 2
for B0

s
! K�µ+⌫µ and B0

s
! D�

s
µ+⌫µ respectively.

The Form Factor ratio (19 over 20) in low q2 region has a relative 10% uncertainty,
while it is 14% at high q2 region, the theoretical uncertainty on |Vub|/|Vcb| will be 5% and
7%

3 Method and kinematics

Due to the missing neutrino, a partial reconstruction of the B0

s
! K�µ+⌫µ decay chain is

performed. The B0

s
vertex is defined by the K+ and µ� tracks. With the knowledge of

the B0

s
flight direction one can use the symmetry of the decay to measure the transverse

momentum of the invisible neutrino and built a reconstituted mass of the B0

s
meson:

the corrected mass. Furthermore, one can use the knowledge of the true mass of the
B0

s
meson to reconstruct the full kinematics of the invisible neutrino with a two fold

ambiguity. Similar techniques are used for the normalization channel B0

s
! D�

s
µ+⌫µ

which selection criteria are aligned maximally with the signal selection to minimize the
systematic uncertainties. The decay B+

! J/ (µµ)K+ is used as a control and calibration
channel.

3.1 Corrected Mass

Bs X=K/Ds
ν1

μ

ν2

p⟂

p⟂

Xμ

Figure 4: Visualisation of conservation of momentum with respect to the B0
s flight direction.

Two neutrino solutions are compatible with the reconstructed decay.

As visualised in Figure 4, the event is rotated such that the B0

s
meson flies in the z

direction, and from the symmetry of the decay the transverse momentum of the neutrino
must be equal and opposite to the transverse momentum of the visible system. The
corrected mass is defined as

Mcorr =
q
M2

Xµ
+ p2? + p?, (21)

with uncertainty

�Mcorr =

0

@ p?q
M2

Xµ
+ p2?

+ 1

1

A�p? (22)

where MXµ is the visible invariant mass and p? is the visible momentum transverse
to the B0

s
flight direction. If the only missing particle is a neutrino the corrected mass

distribution will peak at the B0

s
mass.
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Mcorr = M2
Kμ + p2

⊥ + p⊥

K μ

K

Diagramme de Feynman de  et formule 
d’extraction de 

B0
s ⟶ K ± μ∓ νμ

Vub

Vu b
2

=
B r ( B 0s → K −μ+ νμ )

∫ | F F | d q 2 ×
K

τBs

b

s

B0
s

s

u

K +

W −

Vub

μ−

νμ

❖ La contribution théorique et expérimentale sont quasiment égales pour la 
précision de la mesure  Incertitudes théoriques importantes 

❖ Utilisation de deux modèles QCD théoriques d’estimation des facteurs de 
formes, LCSR et LQCD, pour des régions différentes de   Valeurs de 

 différentes d’une région à l’autre


❖ Importante contamination du signal par des bruits de fonds physiques 
possédant un couple  dans le produit de désintégration  Discrimination 
des événements délicate


❖ Les neutrinos ne sont pas détectables au LHC  Méthode géométrique 
fournissant deux reconstructions possibles pour le neutrino   Problème 
pour l’estimation de 

⟹

q2 ⟹
Vub

K μ ⟹

⟹
⟹

q2

Défis pour l'analyse Incertitudes sur la mesure de  lors de Run 1|Vub | / |Vcb |
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Figure 2: Measurements of |Vub|/|Vcb| in this Letter and in Ref. [7], and ratio inferred from the
PDG [25] averages of exclusive |Vub| and |Vcb| measurements, where the ⇤0

b ! pµ�⌫̄µ result is
not included. The form factor calculation used in each case is mentioned [30–32].

where the uncertainties are statistical, systematic, from the external inputs (D�
s

branching fraction, B
0
s lifetime and |Vcb|) and the B

0
s ! D

�
s form factor inte-

gral, respectively. Combining the systematic uncertainties, the branching fraction is
B(B0

s ! K
�
µ
+
⌫µ) = (1.06± 0.05 (stat)± 0.08 (syst))⇥ 10�4.

The ratio of CKM elements |Vub|/|Vcb| is obtained through the relation
RBF = |Vub|2/|Vcb|2 ⇥ FFK/FFDs . For the FFK value, a recent LQCD prediction is used
for the high q

2 range, FFK(q2 > 7GeV2
/c

4) = 3.32± 0.46 ps�1 [30], while a LCSR calcu-
lation [31] is used for the low q

2 range, FFK(q2 < 7GeV2
/c

4) = 4.14± 0.38 ps�1, due to
the lower accuracy of LQCD calculations in this region. The obtained values are

|Vub|/|Vcb|(low) = 0.0607± 0.0015 (stat)± 0.0013 (syst)± 0.0008 (Ds)± 0.0030 (FF),

|Vub|/|Vcb|(high) = 0.0946± 0.0030 (stat)+ 0.0024
� 0.0025 (syst)± 0.0013 (Ds)± 0.0068 (FF),

where the latter two uncertainties are from the D
�
s branching fraction and the form

factor integrals. The discrepancy between the values of |Vub|/|Vcb| for the low and high
q
2 ranges is related to the di↵erence in the theoretical calculations of the form factors.

To illustrate this, the LQCD calculation in Ref. [30] gives FFK = 0.94± 0.48 ps�1 at low
q
2, which can be compared to the chosen LCSR value, 4.14 ± 0.38 ps�1 [31]. Figure 2
depicts the |Vub|/|Vcb| measurements of this Letter, |Vub|/|Vcb|(low) = 0.061± 0.004 and
|Vub|/|Vcb|(high) = 0.095± 0.008, with the uncertainties combined. The |Vub|/|Vcb| mea-
surement obtained with the ⇤0

b baryon decays [7], for which a form factor model based on
a LQCD calculation [32] was used, is also shown.

In conclusion, the decay B
0
s ! K

�
µ
+
⌫µ is observed for the first time. The branching

fraction ratios in the two q
2 regions reported in this Letter represent the first experimental

ingredient to the form factor calculations of the B
0
s ! K

�
µ
+
⌫µ decay. Moreover, the

|Vub|/|Vcb| results will improve both the averages of the exclusive measurements in the
(|Vcb|, |Vub|) plane and the precision on the least known side of the CKM unitarity triangle.
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Experimental Theoretical

Carolina Bolognani  from |Vub/Vcb | B0
s → {K−, D−

s }μ+νμ   / 13

The    decayB0
s → K−μ+νμ

Decay rate

7
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EOS v1.0.9 LCSR+LQCD

LCSR

LQCD • Consistent relative uncertainties over 
full range for nominal fit 

‣ Smaller than LCSR at high  

‣ Smaller than LQCD at low 

q2

q2

Taux de désintégration de  pour 
2 modèle de QCD  LCSR et LQCD

B0
s ⟶ K ± μ∓ νμ

⟹

The training

3

Training Algorithm : MLP


Dataset : 2016 / 2017 / 2018 - Run 2 - MC - TRIMMER - All offline cuts - Samples normalized with 


Offline Cuts :


Signal : 




Backgrounds : 
         /     


     /     


    /        /    

ω

B0
s → K−μ+νμ

Hb → Hc( → K±X)μ∓X′ B± → cc̄( → μ+μ−)K±X

B0 → J/ψ K*0 B0 → K± π∓

B0
s → K*± μ∓ νμ B0

s → K*±
0 (1430) μ∓ νμ B0

s → K*±
2 μ∓ νμ

2018 Decays Expected number of
events before MVA cut

Expected number of
events after MVA cut "

B
0
s ! K

±
µ
⌥
⌫µ 12 517 8 674 69.3%

Hb ! Hc(! K
±
X) µ⌥

X
0 43 394 6 824 15.7%

B
± ! cc̄(! µ

+
µ
�) K±

X 12 107 3 185 26.3%

B
± ! J/ K

± 3 545 1 665 47%
B

± ! J/ K
⇤± 2 438 533 21.9%

B
0 ! J/ K

⇤0 666 138 20.7%
B

0 ! K
±
⇡
⌥ 35 31 88.6%

B
0
s ! K

⇤±
µ
⌥
⌫µ 7 073 2 316 32.7%

B
0
s ! K

⇤±(1430) µ⌥
⌫µ 1 924 847 44%

B
0
s ! K

⇤±
2 µ

⌥
⌫µ 981 499 50.9%

r
!(K_isMuon&(abs(Mass_Kmu_as_mumu-3100)<30))&(abs(Mass_MuMuisotr_as_mumu-3096)>30)&
(abs(K_PAIR_M-892)>60&abs(K_PAIR_M-1430)>90)&
(K_PX*mu_PX>0.||K_PY*mu_PY>0.)&B_FD_S>40&
B_MCORR<5750&B_M<5175&B_Regression_Q2_BEST_LINEAR_Run2>0
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Bruits de fonds physiques avec  dans le produit de 
désintégration

K μ

Modifications depuis la dernière mesure de  par LHCbVub

Run 1 / 2012 / Collisions  : 


Canal de Normalization : 


Analyse sur deux bins 


 extrait

pp 2fb−1 @ 7 TeV

B0
s ⟶ D−

s μ+ νμ

q2 ≶ 7 GeV2

|Vub | / |Vcb |

Run 2 / 2016  2018 / Collisions  : 


Canal de Normalization : 


Augmentation du nombre de bin  à  bins


 extrait

→ pp ∼ 5.5fb−1 @ 13 TeV

B+ ⟶ J /ψ ( → μμ) K +

q2 8 − 10

|Vub |

❖ Plus de statistique

❖ Concentration sur |Vub |


