
D. Manuzzi 
Università di Bologna

Misura di asimmetria  nei decadimenti 
in due corpi senza quark charm  

dei mesoni  e  a LHCb

CP

B0 B0
s

106° Congresso Nazionale della  
Società Italiana di Fisica
14-18 settembre 2020



daniele.manuzzi@cern.ch 106° Congresso Nazionale  
della Società Italiana di Fisica   in  e  a LHCbACP Bd → Kπ, ππ Bs → πK, KK 2

Motivazioni
•Lo studio dei processi governati dalla matrice CKM permette  

verifiche stringenti del Modello Standard (SM)


•Gli osservabili di violazione di  nei decadimenti   
(con ) dipendono dagli angoli  e  del Triangolo Unitario  
e dalla fase di miscelamento  dei mesoni 


•Diverse tipologie di diagrammi di Feynman governano  
i decadimenti 


incertezze dovute a processi adronici

nuova fisica può comparire come contributi virtuali nei loop

CP B0
(s) → h+h−

h = K, π α γ
βs Bs

B0
(s) → h+h−

COMPLICATE 
PREVISIONI  

PER SMPOTENZIALE PER 
RICERCA INDIRETTA 

DI NUOVA FISICA
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summer16 CPV observables are sensitive to CKM angles
↵/�2, �/�3, �/�1 and �s/�s

A rich set of physics processes contributes to the
Hb ! h+h0� decays (h = K ,⇡)

tree and penguin decay topologies
neutral B mixing

Presence of loop diagrams:
introduces hadronic
uncertainties as additional
parameters in the
decay-amplitude
makes the CPV observables
sensitive to New Physics
contributions
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Diagrammi di decadimento
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Diagrammi di miscelamento
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Obiettivi
•Misura di asimmetria   

integrata nel tempo per  
 e 


•Misura di asimmetria  
dipendente dal tempo per   

 e 

CP

B0 → K+π− B0
s → π+K−

CP

B0 → π+π− B0
s → K+K−

ACP =
| Āf̄ |

2 − |Af |
2

| Āf̄ |
2 + |Af |

2

ACP(t) =
ΓB̄0

(s)→f(t) − ΓB0
(s)→f(t)

ΓB̄0
(s)→f(t) + ΓB0

(s)→f(t)

=
Sf sin(Δmd(s)t)−Cf cos(Δmd(s)t)

cosh ( ΔΓd(s)

2 t)+AΔΓ
f sinh ( ΔΓd(s)

2 t)

 DECADIMENTOCP

 DI INTERFERENZA 
TRA MIXING e 

DECADIMENTO

CP

Vincolo di unitarietà: |Cf |
2 + |Sf |

2 + |AΔΓ
f |2 = 1 controllo a posteriori 

sulle misure
N.B.:   

[Eur. Phys. J. C77, 895 (2017)]
ΔΓd ≈ 0

 sim.CPT

[Phys. Rev. D 98 (2018) 032004]

https://link.springer.com/article/10.1140/epjc/s10052-017-5058-4
https://link.springer.com/article/10.1140/epjc/s10052-017-5058-4
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032004
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Composizione dei dati e selezione
•Dati raccolti nel Run1 di LHCb ( )


•Sorgenti di fondo:

Contaminazione  
incrociata 

Associazione di  
tracce random

Decadimenti  
in 3 corpi

∼ 3 fb−1

PID cruciale per  
distinguere gli stati finali

BDT usata per abbattere  
fondo combinatorio

Introduction Main ingredients of the analysis Final results Conclusions

Event selection

A PID selection is applied to separate
the three final states and reduce the
amount of cross contamination from the
other Hb ! h+h0� to a ⇠ 10% of the
signal
A MVA algorithm based on a BDT is
used to reduce the combinatorial
background =) F.O.M = S/

p
S + B

B0 ! ⇡+⇡� Bs ! K+K�

⇠ 28 600 ⇠ 36 800

B0 ! K+⇡� Bs ! ⇡+K�

⇠ 94 200 ⇠ 7 000

[Phys. Rev. D 98 (2018) 032004]
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Necessaria buona  
risoluzione in massa inv.
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[Phys. Rev. D 98 (2018) 032004]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032004
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Strategia dell’analisi 

Asimmetria di produzione ( ) 
✦ 

Asimmetrie di rivelazione  
( , ) 
✦ diverse efficienze di rivelamento e 

identificazione tra , , e  


Flavour tagging ( ) 
✦ distinguere tra  e   

se  

Risoluzione sul tempo di 
decadimento ( )

Accettanza temporale ( ) 
✦ Variazione dell’efficienza di ricostruzione 

al variare del tempo di decadimento

AP
σ(pp → B0X) ≠ σ(pp → B̄0X)

AKπ
F AKπ

PID

K+ K− π+ π−

ω
B0

(s) → f B̄0
(s) → f

f = π+π−, K+K−

σt
ϵacc(t)

•Le asimmetrie di  sono determinate da un fit multidimensionale e simultaneo 
degli spettri ,  e 


Osservabili: , tempo di decadimento, , probabilità di tag errato ( , )

Migliore stima della contaminazione tra i vari campioni

Diversi effetti sperimentali stimati da  direttamente durante il fit  

•Effetti sperimentali da considerare:

CP
K±π∓ K+K− π+π−

m(h+h−) δt ηOS ηSS

B0
(s) → K±π∓

Riduzione errori 
sistematici
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Asimmetrie di rivelazione e produzione
•Lo stato finale dei processi  e  definisce il sapore del mesone  al 

decadimento. Perciò:
B0 → K+π− B0

s → π+K− B0
(s)

Nf̄(t) − Nf(t)

Nf̄(t) + Nf(t)
∼ ACP+AKπ

F + AKπ
PID + AP cos(Δmd(s)t)

• : determinata grazie alla 
dipendenza dal tempo del fit
AP

• : misurata tramite i decadimenti AKπ
PID

D*+ → D0( → K−π+)π+

• : misurata tramite i decadimenti
 e   

[JHEP 07 (2014) 041]

AKπ
F

D+ → K−π+π+ D+ → K̄0π+
HþðtÞ ¼

!
e%!dðsÞt

0
cosh

"
"!dðsÞ

2
t0
#
& Rðt; t0Þ

$
"dðsÞðtÞ; (7)

H%ðtÞ ¼ ½e%!dðsÞt
0
cosð"mdðsÞt

0Þ & Rðt; t0Þ("dðsÞðtÞ; (8)

where !dðsÞ is the average decay width of the B0
ðsÞ meson,

"!dðsÞ and "mdðsÞ are the decay width and mass differ-
ences between the two B0

ðsÞ mass eigenstates, respectively,

Rðt; t0Þ is the decay time resolution (! ’ 50 fs in our case),
and the symbol & stands for convolution. Finally, "dðsÞðtÞ is
the acceptance as a function of the B0

ðsÞ decay time. Using

Eq. (6) we obtain the following expression for the time-
dependent asymmetry:

AðtÞ ¼ #½Rðt;%1Þ;Rðt;þ1Þ(

¼ ðACP þ ADÞHþðtÞ þ APð1þ ACPADÞH%ðtÞ
ð1þ ACPADÞHþðtÞ þ APðACP þ ADÞH%ðtÞ

: (9)

For illustrative purposes only, we consider the case of
perfect decay time resolution and negligible "!, retaining
only first-order terms in ACP, AP, and AD. In this case,
Eq. (9) reduces to the expression

A ðtÞ ) ACP þ AD þ AP cosð"mdðsÞtÞ; (10)

i.e., the time-dependent asymmetry has an oscillatory term
with amplitude equal to the production asymmetry AP.
By studying the full time-dependent decay rate it is then
possible to determine AP unambiguously.

In order to measure the production asymmetry AP for B0

and B0
s mesons, we perform fits to the decay time spectra of

the B candidates, separately for the events passing the two
selections. The B0 production asymmetry is determined
from the sample obtained applying the selection optimized
for the measurement of ACPðB0 ! Kþ"%Þ, whereas the B0

s

production asymmetry is determined from the sample
obtained applying the selection optimized for the measure-
ment of ACPðB0

s ! K%"þÞ. We obtain APðB0Þ ¼ ð0:1*
1:0Þ% and APðB0

sÞ ¼ ð4* 8Þ%. Figure 2 shows the raw
asymmetries as a function of the decay time, obtained
by performing fits to the invariant mass distributions of
events restricted to independent intervals of the B candi-
date decay times.

By using the values of the detection and produc-
tion asymmetries, the correction factors to the raw asym-
metries A"ðB0!Kþ"%Þ¼ð%1:12*0:23*0:30Þ% and
A"ðB0

s ! K%"þÞ ¼ ð1:09* 0:21* 0:26Þ% are obtained,
where the first uncertainties are due to the detection asym-
metry and the second to the production asymmetry.

Systematic uncertainties on the asymmetries are related
to PID calibration, modeling of the signal and background
components in the maximum likelihood fits and instrumen-
tal charge asymmetries. In order to estimate the impact
of imperfect PID calibration, we perform mass fits to
determine raw asymmetries using altered numbers of
cross-feed background events, according to the systematic

uncertainties affecting the PID efficiencies. An estimate of
the uncertainty due to possible mismodeling of the final-
state radiation is determined by varying the amount of
emitted radiation [27] in the signal shape parametrization,
according to studies performed on fully simulated events,
in which final-state radiation is generated using PHOTOS

[35]. The possibility of an incorrect description of the
signal mass model is investigated by replacing the double
Gaussian function with the sum of three Gaussian func-
tions, where the third component has fixed fraction (5%)
and width (50 MeV=c2), and is aimed at describing long
tails, as observed in simulation. To assess a systematic
uncertainty on the shape of the partially reconstructed
backgrounds, we remove the second ARGUS function.
For the modeling of the combinatorial background compo-
nent, the fit is repeated using a straight line. Finally, for the
case of the cross-feed backgrounds, two distinct systematic
uncertainties are estimated: one due to a relative bias in the
mass scale of the simulated distributions with respect to
the signal distributions in data, and another accounting for
the difference in mass resolution between simulation and
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FIG. 2 (color online). Raw asymmetries as a function of the
decay time for (a) B0 ! Kþ"% and (b) B0

s ! K%"þ decays. In
(b), the offset t0 ¼ 1:5 ps corresponds to the minimum value of
the decay time required by the B0

s ! K%"þ event selection. The
curves represent the asymmetry projections of fits to the decay
time spectra.
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[PRL 110, 221601 (2013)]

B0 → π+π− B0
s → K+K−

https://link.springer.com/article/10.1007/JHEP07(2014)041
https://link.springer.com/article/10.1007/JHEP07(2014)041
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.221601
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.221601
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Flavour tagging

Flavour Tagging algorithms

“Same Side” (SS): exploit the charge of the particle (⇡, p, K ) produced in
the fragmentation of the signal b-hadron to infer its flavour at production
“Opposite Side” (OS): exploit the charge of the particle (l , K , c-decays)
or of the reconstructed secondary vertex produced from the opposite
b-hadron to infer the signal b-hadron flavour at production

3/20 Ulrich Eitschberger | Updates on Flavour Tagging | 72nd LHCb week | June 19th, 2014 

Flavour Tagging: Determine B production flavours 
SS Pion 
SS Kaon Signal Decay 

Same Side 

Opposite Side 

OS Vertex Charge OS Muon 
OS Electron 

OS Kaon 

PV 

16 / 13

•  e  diluiscono 
l’asimmetria dipendente  
dal tempo

ω σt
ARAW(t) ∼ (1 − 2ω) ⋅ exp(−σt2Δm2

d(s)/2) ⋅ cos(Δmd(s)t) ⋅ ACP(t)

•Due tipi di algoritmi sono impiegati:

SS: sapore del mesone  di segnale determinato da  
altre particelle emesse nella sua frammentazione

OS: sfrutta le informazioni sul sapore opposto  
del secondo mesone  prodotto nell’evento 

•Ogni algoritmo fornisce:

decisione sul sapore

probabilità di errore ( ) 

• I canali  e   
sono usati per calibrazione ( )

B

B

η

B0 → K+π− B0
s → D−

s π+

η → ω

Flavour tagging calibration

Calibration of the predicted mistag rate ⌘ is crucial step in order to obtain
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Correzioni per l’asimmetria dipendente dal tempo

• I canali  e  sono usati per per stimare le diluizioni 
dovute a flavour tagging e risoluzione temporale, rispettivamente

B0 → D−π+ B0
s → D−

s π+

Nel caso del  la diluizione dovuta a  
è trascurabile grazie al valore di 
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∼ Dtag ∼ Dtag ⋅ Dt

Dtag = 1 − 2ω
Dt = exp(−σtΔmd(s)/2)

B0 → D−π+ B0
s → D−

s π+

[Phys. Rev. D 98 (2018) 032004]
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Accettanza temporale
•   per  : rapporto tra decadimenti osservati in funzione del 

tempo ed esponenziale puro ( )


• Simulazione MC usata per adattare la curva trovata anche per gli altri canali di 
segnale

ϵacc(t) B0 → K+π−

Γ = 1/τB0

time-dependent decay rate is a pure exponential with
Γd ¼ 0.6588" 0.0017 ps−1 [19]. The yield of the
B0 → Kþπ− decay is determined in bins of decay time,
by means of unbinned maximum likelihood fits to the Kþ

π− invariant-mass spectrum, using the model described in
Sec. IVA. The resulting histogram is then divided by a
histogram built from an exponential function with decay
constant equal to the central value of Γd and arbitrary
normalization. By fitting the function in Eq. (13) to the final
histogram, the parameters di are determined and fixed in
the final fit to the data. The absolute scale of the efficiency
function in Eq. (13) is irrelevant in the likelihood maxi-
mization since its value is absorbed into the global
normalization of the PDFs. For the other two-body decays
under study, the same efficiency histogram is used, but with
a small correction in order to take into account the dif-
ferences between the various decay modes. The correction
consists in multiplying the histogram by the ratio between
the time-dependent efficiencies for the B0 → Kþπ− and the
other modes, as determined from simulated decays. The
final histograms and corresponding time-dependent effi-
ciencies for the B0 → Kþπ−, B0

s → πþK−, B0 → πþπ−,
and B0

s → KþK− decays are reported in Fig. 1.
The parametrization of the decay-time distribution for

combinatorial background in the Kþ π− sample is studied
by using the high-mass sideband from data, defined as
5.6 < m < 5.8 GeV=c2. It is empirically found that the
PDF can be written as

fcombðt; δt;ψ ; ξ⃗; η⃗Þ

¼ Kcombð1 − ψAcombÞΩcombðξ⃗; η⃗ÞgcombðδtÞ

× ½fcombe−Γcombt þ ð1 − fcombÞe−Γ
0
combt'εcombðtÞ; ð14Þ

where Kcomb is a normalization factor; Ωcombðξ⃗; η⃗Þ is the
PDF of ξ⃗ and η⃗ for combinatorial-background candidates;
gcombðδtÞ is the distribution of the per-event decay-time
uncertainty δt for combinatorial background, discussed in
Sec. VI; Acomb is the charge asymmetry of the combina-
torial background; and Γcomb, Γ0

comb and fcomb are free
parameters to be determined by the fit. The function
εcombðtÞ is an effective function, analogous to the time-
dependent efficiency for signal decays. The parametrization

εcombðtÞ ∝ 1 − erf
!
acomb − t
acombt

"
; ð15Þ

where acomb is a free parameter, provides a good description
of the data. For the πþ π− and KþK− samples, the same
expression as in Eq. (14) is used, with Acomb set to zero.
The decay-time distribution of the three-body back-

ground component in the Kþ π− sample is described using
the same PDF as in Eq. (8), but with independent parameters
entering the flavor-tagging PDF and an independent effec-
tive oscillation frequency. In addition, the time-dependent
efficiency function in Eq. (10) is parametrized as
εsigðtÞ ¼

P
6
i¼0 cibiðtÞ, following the procedure outlined
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FIG. 1. Efficiencies as a function of decay time for (top left) B0 → Kþπ−, (top right) B0
s → πþK−, (bottom left) B0 → πþπ− and,

(bottom right) B0
s → KþK− decays. The black line is the result of the best fit of Eq. (13) to the histograms, obtained as described in the

text. The dark and bright areas correspond to the 68% and 95% confidence intervals, respectively.
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normalization. By fitting the function in Eq. (13) to the final
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function in Eq. (13) is irrelevant in the likelihood maxi-
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where Kcomb is a normalization factor; Ωcombðξ⃗; η⃗Þ is the
PDF of ξ⃗ and η⃗ for combinatorial-background candidates;
gcombðδtÞ is the distribution of the per-event decay-time
uncertainty δt for combinatorial background, discussed in
Sec. VI; Acomb is the charge asymmetry of the combina-
torial background; and Γcomb, Γ0

comb and fcomb are free
parameters to be determined by the fit. The function
εcombðtÞ is an effective function, analogous to the time-
dependent efficiency for signal decays. The parametrization
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where acomb is a free parameter, provides a good description
of the data. For the πþ π− and KþK− samples, the same
expression as in Eq. (14) is used, with Acomb set to zero.
The decay-time distribution of the three-body back-

ground component in the Kþ π− sample is described using
the same PDF as in Eq. (8), but with independent parameters
entering the flavor-tagging PDF and an independent effec-
tive oscillation frequency. In addition, the time-dependent
efficiency function in Eq. (10) is parametrized as
εsigðtÞ ¼

P
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FIG. 1. Efficiencies as a function of decay time for (top left) B0 → Kþπ−, (top right) B0
s → πþK−, (bottom left) B0 → πþπ− and,

(bottom right) B0
s → KþK− decays. The black line is the result of the best fit of Eq. (13) to the histograms, obtained as described in the

text. The dark and bright areas correspond to the 68% and 95% confidence intervals, respectively.
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Risultati per B0
(s) → K±π∓

Cπþπ− ¼ −0.34# 0.06;

Sπþπ− ¼ −0.63# 0.05;

CKþK− ¼ 0.20# 0.06;

SKþK− ¼ 0.18# 0.06;

AΔΓ
KþK− ¼ −0.79# 0.07;

AB0

CP ¼ −0.084# 0.004;

AB0
s

CP ¼ 0.213# 0.015;

where the uncertainties are statistical only and the central
values of AB0

CP and AB0
s

CP have been corrected for the Kþ π−

detection asymmetry. In this analysis the selection require-
ments and the flavor tagging performances for the various
decay modes differ with respect to previous LHCb pub-
lications [17,18]. For this reason, the statistical uncertainties
are improved and do not follow a simple scaling rulewith the
integrated luminosity.

IX. SYSTEMATIC UNCERTAINTIES

Two different strategies are adopted to determine
systematic uncertainties on the CP-violating parameters:
to account for the knowledge of external inputs whose
values are fixed in the fit, the fit to the data is repeated a
large number of times, each time modifying the values of
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shown.
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AB0

CP = (−8.4 ± 0.4 ± 0.3) %

AB0
s

CP = (21.3 ± 1.5 ± 0.7) %

Misure più precise da parte 
di un singolo esperimento

Δ =
AB0

CP

AB0
s

CP

+
B(B0

s → π+K−)τd

B(B0 → K+π−)τs
= − 0.11 ± 0.04±0.03 Nessuna evidenza  

di nuova fisica

da input esterni

Questi risultati possono essere usati 
per il test del Modello Standard 
proposto in [PLB 621 (2005) 126]

da ACP

[Phys. Rev. D 98 (2018) 032004]

https://arxiv.org/abs/hep-ph/0503022
https://arxiv.org/abs/hep-ph/0503022
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032004
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Results of the ⇡+⇡�/K+K� final states [Phys. Rev. D 98 (2018) 032004]

Most precise measurement from
a single experiment
Uncertainties halved wrt
previous LHCb results

C⇡⇡ = �0.34 ± 0.06 ± 0.01
S⇡⇡ = �0.63 ± 0.05 ± 0.01

⇢(C⇡⇡,S⇡⇡) = 0.448
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Risultati per  e B0 → π+π− B0
s → K+K−

Cππ = (−34 ± 6 ± 1) %

Sππ = (−63 ± 5 ± 1) %

CKK = (20 ± 6 ± 2) %

SKK = (18 ± 6 ± 2) %

AΔΓ
KK = (−79 ± 7 ± 10) %

Vincolo di unitarietà: |CKK |2 + |SKK |2 + |AΔΓ
KK |2 = 0.83 ± 0.12

Misure più precise da parte 
di un singolo esperimento

PRIMA MISURA

Deviazione di 4  rispetto a 
ipotesi di nessuna 
violazione di 

dipendente dal tempo in 

σ

CP

B0
s → K+K−

[Phys. Rev. D 98 (2018) 032004]

B0 → π+π−B0 → π+π−
B0

s → K+K− B0
s → K+K−

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032004
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Prospettive
•Aggiornamento di queste misure con i dati raccolti nella prima 

parte del Run2 ( ) vicino alla pubblicazione


• Incertezze ridotte grazie a: maggiore sezione d’urto, miglioramento 
di selezione e flavour tagging 
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Figure 6: Distributions of (top left) invariant mass, (top right) decay time, (middle left) decay-
time uncertainty, (middle right) ⌘OS, and (bottom) ⌘SSK for candidates in the K+K� sample.
The distributions of ⌘OS and ⌘SSK are shown separately for candidates tagged as (left) B and
(right) B. The result of the simultaneous fit is overlaid. The individual components are also
shown.
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Figure 5: Distributions of (top left) invariant mass, (top right) decay time, (middle left) decay-
time uncertainty, (middle right) ⌘OS, and (bottom) ⌘SSc for candidates in the ⇡+⇡� sample. The
distributions of ⌘OS and ⌘SSc are shown separately for candidates tagged as (left) B and (right)
B. The result of the simultaneous fit is overlaid. The individual components are also shown.
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Figure 4: Distributions of (top left) invariant mass, (top right) decay time, (middle left) decay-
time uncertainty, (middle right) ⌘OS, and (bottom) ⌘SSc for candidates in the K±⇡⌥ sample.
The distributions of ⌘OS and ⌘SSc are shown separately for candidates tagged as (left) B and
(right) B. The result of the simultaneous fit is overlaid. The individual components are also
shown.
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