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2. – B physics and CP violation

In this section we present a theoretical overview of CP violation in the B meson
system, focusing in particular on Bd (B0, B0) and Bu (B+, B−) mesons.

2.1. The CKM matrix and the Unitarity Triangle. – The mixing of quarks is regulated
in the SM by the charged-current W± interactions, with couplings given by the CKM
matrix [10,11]

(1) VCKM =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



 .

The CKM matrix connects the weak interaction eigenstates (d′, s′, b′) and the corre-
sponding mass eigenstates (d, s, b) through

(2)




d′

s′

b′



 = VCKM




d
s
b



 .

The unitarity of the CKM matrix implies the absence of flavor changing neutral current
transitions at the tree level in the SM. In particular, the elementary vertices involving
neutral gauge bosons (gluons, Z0, γ) and the Higgs are flavor conserving. This property is
explicit in the GIM mechanism [12]. The CKM matrix elements a priori can be complex
numbers and this fact allows CP violation in the SM. While a general 3 × 3 unitary
matrix depends on three real angles and six phases, the freedom to arbitrarily define the
phases of the quark mass eigenstates can be used to remove five phases, leaving only one.
This is known as the Kobayashi-Maskawa phase, that is responsible for CP violation in
the SM.

The fact that one can parametrize VCKM by three real and only one imaginary phys-
ical parameters can be made manifest by choosing an explicit parametrization. The
Wolfenstein parametrization [9, 13] is particularly useful(1)
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Here λ = |Vus| ≈ 0.23 plays the role of an expansion parameter and η represents the
CP -violating term. Terms of O(λ6) are neglected.

(1) It is worth noting that the Wolfenstein parameterization corresponds to a particular choice
of the quark-phase convention.
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In this section we present a theoretical overview of CP violation in the B meson
system, focusing in particular on Bd (B0, B0) and Bu (B+, B−) mesons.

2.1. The CKM matrix and the Unitarity Triangle. – The mixing of quarks is regulated
in the SM by the charged-current W± interactions, with couplings given by the CKM
matrix [10,11]
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The unitarity of the CKM matrix implies the absence of flavor changing neutral current
transitions at the tree level in the SM. In particular, the elementary vertices involving
neutral gauge bosons (gluons, Z0, γ) and the Higgs are flavor conserving. This property is
explicit in the GIM mechanism [12]. The CKM matrix elements a priori can be complex
numbers and this fact allows CP violation in the SM. While a general 3 × 3 unitary
matrix depends on three real angles and six phases, the freedom to arbitrarily define the
phases of the quark mass eigenstates can be used to remove five phases, leaving only one.
This is known as the Kobayashi-Maskawa phase, that is responsible for CP violation in
the SM.

The fact that one can parametrize VCKM by three real and only one imaginary phys-
ical parameters can be made manifest by choosing an explicit parametrization. The
Wolfenstein parametrization [9, 13] is particularly useful(1)
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Here λ = |Vus| ≈ 0.23 plays the role of an expansion parameter and η represents the
CP -violating term. Terms of O(λ6) are neglected.

(1) It is worth noting that the Wolfenstein parameterization corresponds to a particular choice
of the quark-phase convention.
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Here λ = |Vus| ≈ 0.23 plays the role of an expansion parameter and η represents the
CP -violating term. Terms of O(λ6) are neglected.

(1) It is worth noting that the Wolfenstein parameterization corresponds to a particular choice
of the quark-phase convention.
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•    
•  Non negligible interference between tree and penguin diagrams 
•  Sensitive to new physics through loops 
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LHCb Experiment 

LHCb Experiment 
•  Collisions pp at 7-8-13 TeV in 2011-2012-2015 
•  Experiment dedicated to the heavy "avour physics (CPV, rare decays, 

spettroscopies): 
•  Acceptance LHCb/1fb-1 at 7 Tev: 

•  1011 coppie       :  
•  1012 coppie       :  

•  Copious production of heavy b-baryon 

⋅ !bb
!!σ (pp→ ccX )= (1.23±0.19)mb
!!σ (pp→bbX )= (75.3±14.0)µb

!cc

Precision measurements on heavy baryons become possible 
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LHCb Detector 

LHCb detector (side view) 
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pp interaction region 

LHCb detector (side view) 



LHCb Detector 

VErtex LOcator (VELO) 
Tracker Turicensis (TT) 

T stations 
Magnet 
Tracker System 
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LHCb Detector 

Ring Imaging CHerenkov (RICH1) 
RICH2 

Particle Identi!cation System 
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LHCb detector (side view) 
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LHCb detector (side view) 



Experimental technique T-odd observable 

Experimental technique 

Using momenta Using spins and momenta 

!!CT̂ = p1 ⋅(p2 × p3) !!CT̂ = s0 ⋅(s1 × p)
• We build the    -odd observable using 

the #nal state momenta 
•  In our case the observable is also P-odd 
 

  -odd observable de!nition ! ̂T

! T̂
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Experimental technique T-odd asymmetries 

P- CP- violating asymmetries 

•  Two different asymmetries for particle and antiparticle 

!!
AT̂ =

N(CT̂ >0)−N(CT̂ <0)
N(CT̂ >0)+N(CT̂ <0)

•  CP violating observable 

Asymmetries 

!!
AT̂ =

N(−CT̂ >0)−N(−CT̂ <0)
N(−CT̂ >0)+N(−CT̂ <0)

!!
aCP
T̂−odd = 12(AT̂ − AT̂ )

for Λb
0

for !!Λb
0

Largely insensitive to: 
•  production asymmetries      / 

•  reconstruction asymmetries     / 

Λb
0
!!Λb

0

h+ h−

Systematic 
uncertainty 
reduced 

Phys.Rev.	  D84	  (2011)	  096013	  
•  P violating observable 

!!
aP
T̂−odd = 12(AT̂ + AT̂ )

0

Φπ+

π−
slow π−

fast

p
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Selection Decay topology 

Selection 
Decay topology 

p p

IR

Λ0b
h−

p h−

h+

 ~ 1 mm−1cm
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p = 10 GeV :s = γβcτ ~ 1mm
p = 100 GeV :s = γβcτ ~ 1cm



Selection Discriminating variables 

Selection 
Decay topology 
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Transverse momenta 
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      vertex !χ
2 Vertex isolation 

Impact parameter 
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Selection Output classi!er 

Multivariate classi!er 

Output multivariate 
classi!er 

Signi!cance 
Optimization 

 

•  Efficienza segnale 
•  Reiezione fondo 

Cut value applied on BDTDA output
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AT̂ =

N(CT̂ >0)−N(CT̂ <0)
N(CT̂ >0)+N(CT̂ <0)

!!
AT̂ =

N(−CT̂ >0)−N(−CT̂ <0)
N(−CT̂ >0)+N(−CT̂ <0)
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Binning de!nition 

Binning de!nition 
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                    phase spase regions
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Binning de!nition 
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Results Signi!cance of CPV 

Results 
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Final Conclusions Results 

Final Conclusion 
•   First observation of these decay modes 

•   First evidence of CPV in baryons in  

•  Error limited by the statistics 

•  Need to double the statistics for the observation 
 (possible in 2016) 

Already studies on the new 
2016 data on going 

Awarded by SIF 
in 2015 Congress 

Submitted to 
Nature Physics 
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Signal Distribution Phase Space 
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Systematic uncertainties 

Systematic uncertainties 

Experimental bias 
Estimated with a high statists control sample 
               events 

!!Λb
0→Λc

−(→ pK −π + )π −

Cabibbo favoured negligible CPV 

CT resolution 

!! ΔaCP
T̂ #odd ,ΔaPT̂ #odd 0.3%

!! ΔaCP
T̂ #odd ,ΔaPT̂ #odd 0.05%

e #nite CT resolution could induce migration 
between the categories CT>0 e CT<0 estimated with MC 

Fit model 
Estimated with simulated pseudoexperiments and using 
alternative #t model for signal and background 

!! ΔaCP
T̂ #odd ,ΔaPT̂ #odd 0.03−0.3%

! ~114k
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Model Mass Fit 

Fit model parametrization 

 
•      partially reconstructed 

  argus convoluted with gaussian 
 

      ,    not reconstructed 
 
•  Cross feed 

  parametrized from MC 
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Model Signal Parametrization 

Signal Parametrization 
Double Crystal Ball 
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Signal Distribution Phase Space 
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Control Sample Fit 
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Campione di controllo Bias sperimentale 

Asimmetrie integrate nello spazio delle fasi: 

!!

AT = (−0.10±0.43)%
AT = (−0.41±0.44)%
aCP
T *odd = (−0.15±0.31)%

Asimmetrie in bin dello spazio delle fasi: 

Phase space region
2 4 6 8

]
-2

 [1
0

T
A

-20

-15

-10

-5

0

5

10

15

20

Phase space region
2 4 6 8

]
-2

 [1
0

T
A

-20

-15

-10

-5

0

5

10

15

20

Phase space region
2 4 6 8

]
-2

 [1
0

C
P-o

dd
T a

-5
-4
-3
-2
-1
0
1
2
3
4
5

 / ndf 2r  2.707 / 7
Prob   0.9107
p0        0.3084± 0.1688 

 / ndf 2r  2.707 / 7
Prob   0.9107
p0        0.3084± 0.1688 

LHCb Unofficial LHCb Unofficial 

LHCb Unofficial 

!!
Λb
0 →Λc

+ → pK −π +( )π −             control sample 

Andrea Merli – Search for CPV in b-baryons     |    20/10/2016      



PID cut
I II III IV V VI VII VIII IX X

N
(s

ig
n

al
)

0

2000

4000

6000

8000

10000

12000

14000

PID cut
I II III IV V VI VII VIII IX X

]
-2

 [
1

0
C

P-o
d

d
T

a

15−

10−

5−

0

5

10

15
/ndf 5.16/92χ

Prob 0.820

0.423±p0  -0.097

/ndf 3.46/82χ

Prob 0.902

0.732±p0  0.682

0.063±p1  -0.082

PID cut
I II III IV V VI VII VIII IX X

]
-2

 [
1

0
T

A

15−

10−

5−

0

5

10

15

 / ndf 2χ   3.46 / 9

Prob   0.9433

p0        0.58922± 0.08417 

 / ndf 2χ  5.002 / 9

Prob   0.8341

p0        0.6043± 0.2749 

PID cut
I II III IV V VI VII VIII IX X

]
-2

 [
1

0
T

A

15−

10−

5−

0

5

10

15
 / ndf 2χ  5.002 / 9

Prob   0.8341

p0        0.6043± 0.2749 

Figure 51: a

bT�odd
CP is measured in the disjoint PID samples in ⇤

0
b ! ⇤

+
c (! pK

�
⇡

+)⇡� decay.
All the measurements are consistent with zero and with each other.

93

Campione di controllo Identi!cazione di particelle 

!!
Λb
0 →Λc

+ → pK −π +( )π −             control sample 
Table 43: Definition of disjoint PID sample for ⇤0

b! ⇤

+
c (! pK

�
⇡

+)⇡� control sample.

PID cuts I II III IV V

PIDp (0.05, 0.10) (0.1, 0.15) (0.15, 0.20) > 0.2 > 0.2
PIDK > 0.05 > 0.05 > 0.05 (0.05, 0.10) (0.10, 0.15)
PID⇡ > 0.05 > 0.05 > 0.05 > 0.05 > 0.05
Nevents 10322± 127 9046± 122 7873± 132 4691± 80 4432± 129

PID cuts VI VII VIII IX X

PIDp > 0.2 > 0.2 > 0.2 > 0.2 > 0.2
PIDK (0.15, 0.20) > 0.2 > 0.2 > 0.2 > 0.2
PID⇡ > 0.05 (0.05, 0.60) (0.60, 0.85) (0.85, 0.95) (0.95, 1.00)
Nevents 4047± 72 2861± 65 2596± 101 3058± 58 13015± 120

Table 44: Control sample: asymmetries in each disjoint PID samples.

Samples AbT (%) AbT (%) a

bT -odd
CP (%)

I 0.60± 1.48 �0.20± 1.56 0.42± 1.08

II 1.39± 1.57 �0.52± 1.61 0.95± 1.12

III 1.35± 1.67 �0.75± 1.71 1.05± 1.20

IV �0.71± 2.14 1.34± 2.20 �1.03± 1.54

V 1.04± 2.22 1.81± 2.24 �0.39± 1.58

VI �0.85± 2.26 2.22± 2.37 �1.53± 1.64

VII �0.37± 2.77 4.19± 2.37 �1.91± 1.99

VIII 0.10± 2.85 �2.51± 2.96 1.31± 2.05

IX �0.81± 2.59 �0.79± 2.59 �0.01± 1.83

X �1.42± 1.25 0.24± 1.26 �0.83± 0.89
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Control checks Result stability 

Control check 
Stability of the results 

per year & magnet polarity per periods within the major technical stops 
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Control checks Reconstruction ef!ciency 

Signal reconstruction ef!ciency (MC) 
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Control checks Reconstruction ef!ciency 

Signal reconstruction ef!ciency (control sample) 
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LHCb Detector 

LHCb detector 
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LHCb Detector 

LHCb detector 

VErtex LOcator (VELO) 
Tracker Turicensis (TT) 

T stations 
Magnet 

Sistema di tracciatura 
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LHCb Detector 

LHCb detector 
Sistema di Calorimetria 

Electromagnetic CALorimeter (ECAL) 
Hadronic CALorimeter (HCAL) 
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LHCb Detector 

LHCb detector 
Sistema di Calorimetria 

Electromagnetic CALorimeter (ECAL) 
Hadronic CALorimeter (HCAL) 
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LHCb Detector 

LHCb detector 
Stazioni di Muoni 
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LHCb Detector 

LHCb detector 
Trigger 
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LHCb Detector 

LHCb detector 
Trigger 

L0 trigger efficiency HLT1 trigger efficiency 
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