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Risultati recenti sulla violazione      
di CP nei decadimenti del B0

s 



•  La differenza di fase tra il decadimento del Bs 
con e senza mixing, non conserva CP. 

•  Nel Modello Standard: 
                                                  φs

SM ≅ - 2βs   
     con    
                                   
     molto piccola e calcolata precisamente:  2βs = 0.036 ± 0.002 rad  
•  Contributi aggiuntivi di diagrammi a pinguino in BsàJ/ψφ ~10-4 -10-3 

•  La presenza di nuove particelle nel diagramma a box può  dar luogo ad 
una fase aggiuntiva: 

CPV nel Bs e Nuova Fisica  

+ ?? 

φs =  ΦM – 2ΦD
  

φs = φs
SM +  φNP    

•  Una misura di φs  “grande” è segnale chiaro di nuova fisica 
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J.Charles et al.!
PRD84(2011)!



φs  da Bs à J/ψ(µµ)φ(KK)  al Tevatron 

•  Aggiornamento di D0 su φs a 8 fb-1 . 

•  Aggiornamento di CDF su φs a 9.6 fb-1 à talk di L. Sabato 

•  Run II completato il 30/11/2011, ricchissima produzione di risultati nella 
Fisica del Flavour, analisi di tutti i dati in arrivo. 

Phys Rev D 85, 032006 (2012)!
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LHCb: run 2011 
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Date: 2011-10-08 March 2011 October 2011 

Design value for <L> 
LHCb 

Luminosità di picco per fill 

•  Livellamento della Luminosità istantaneo a LHCb tramite separazione 
verticale dei fasci. 

•   <L> ~ 2.7 ×1032 cm–2s–1  superiore al valore di disegno. 
•  Pile-up (numero interazioni pp visibili per bunch crossing) ~1.6 
•  Efficienza DAQ ~ 91%, efficienza del rivelatore ~99%.  
•  Output HLT:    ~1kHz beauty,   ~1kHz charm,  ~1kHz altro 

•  LHC & LHCb ripartiti con successo nel 2012! 

Delivered: 1.2 fb-1 
On tape:   1.1 fb-1 



Bs à J/ψ φ(KK) 
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•  Bs→J/ψ KK  stato finale con componenti  
    CP-pari e CP-dispari, richiede analisi 
    angolare per poterle distinguere 

KK in P-wave:   ampiezze                                 → CP-dispari  o CP-pari 
KK in S-wave:   ampiezza   AS(t)  → CP-dispari 

! 

A"(t) , A//(t) , A0(t)
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FIG. 1. Invariant mass distribution for B0
s → µ+µ−K+K−

candidates with the mass of the µ+µ− pair constrained to
the nominal J/ψ mass. Curves for fitted contributions from
signal (dashed), background (dotted) and their sum (solid)
are overlaid.

between the K− momentum and the J/ψ momentum in
the rest frame of the φ.

We perform an unbinned maximum likelihood fit to the
invariant mass mB , the decay time t, and the three decay
angles Ω. The probability density function (PDF) used
in the fit consists of signal and background components
which include detector resolution and acceptance effects.
The PDFs are factorised into separate components for
the mass and for the remaining observables.

The signal mB distribution is described by two Gaus-
sian functions with a common mean. The mean and
width of the narrow Gaussian are fit parameters. The

fraction of the second Gaussian and its width relative to
the narrow Gaussian are fixed to values obtained from
simulated events. The mB distribution for the combina-
torial background is described by an exponential func-
tion with a slope determined by the fit. Possible peaking
background from decays with similar final states such as
B0 → J/ψK∗0 is found to be negligible from studies
using simulated events.
The distribution of the signal decay time and angles

is described by a sum of ten terms, corresponding to the
four polarization amplitudes and their interference terms.
Each of these is the product of a time-dependent function
and an angular function [12]

d4Γ(B0
s → J/ψφ)

dt dΩ
∝

10�

k=1

hk(t) fk(Ω) . (1)

The time-dependent functions hk(t) can be written as
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where ∆ms is the B0
s oscillation frequency. The coeffi-

cients Nk and ak, . . . , dk can be expressed in terms of φs

and four complex transversity amplitudes Ai at t = 0.
The label i takes the values {⊥, �, 0} for the three P-
wave amplitudes and S for the S-wave amplitude. In the
fit we parameterize each Ai(0) by its magnitude squared
|Ai(0)|2 and its phase δi, and adopt the convention δ0 = 0
and

�
|Ai(0)|2 = 1. For a particle produced in a B0

s

flavour eigenstate the coefficients in Eq. 2 and the angu-
lar functions fk(Ω) are then, see [13, 14], given by
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√
3 cosψ(1− sin2 θ cos2 φ) |As(0)A0(0)| 0 − sin(δ0 − δS) sinφs cos(δ0 − δS) − sin(δ0 − δS) cosφs

We neglect CP violation in mixing and in the decay
amplitudes. The differential decay rates for a B0

s meson
produced at time t = 0 are obtained by changing the
sign of φs, A⊥(0) and AS(0), or, equivalently, the sign

of ck and dk in the expressions above. The PDF is in-
variant under the transformation (φs,∆Γs, δ�, δ⊥, δS) �→
(π − φs,−∆Γs,−δ�,π − δ⊥,−δS) which gives rise to a
two-fold ambiguity in the results.
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FIG. 1. Invariant mass distribution for B0
s → µ+µ−K+K−

candidates with the mass of the µ+µ− pair constrained to
the nominal J/ψ mass. Curves for fitted contributions from
signal (dashed), background (dotted) and their sum (solid)
are overlaid.

between the K− momentum and the J/ψ momentum in
the rest frame of the φ.

We perform an unbinned maximum likelihood fit to the
invariant mass mB , the decay time t, and the three decay
angles Ω. The probability density function (PDF) used
in the fit consists of signal and background components
which include detector resolution and acceptance effects.
The PDFs are factorised into separate components for
the mass and for the remaining observables.

The signal mB distribution is described by two Gaus-
sian functions with a common mean. The mean and
width of the narrow Gaussian are fit parameters. The

fraction of the second Gaussian and its width relative to
the narrow Gaussian are fixed to values obtained from
simulated events. The mB distribution for the combina-
torial background is described by an exponential func-
tion with a slope determined by the fit. Possible peaking
background from decays with similar final states such as
B0 → J/ψK∗0 is found to be negligible from studies
using simulated events.
The distribution of the signal decay time and angles

is described by a sum of ten terms, corresponding to the
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Each of these is the product of a time-dependent function
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where ∆ms is the B0
s oscillation frequency. The coeffi-

cients Nk and ak, . . . , dk can be expressed in terms of φs

and four complex transversity amplitudes Ai at t = 0.
The label i takes the values {⊥, �, 0} for the three P-
wave amplitudes and S for the S-wave amplitude. In the
fit we parameterize each Ai(0) by its magnitude squared
|Ai(0)|2 and its phase δi, and adopt the convention δ0 = 0
and
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|Ai(0)|2 = 1. For a particle produced in a B0
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flavour eigenstate the coefficients in Eq. 2 and the angu-
lar functions fk(Ω) are then, see [13, 14], given by
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We neglect CP violation in mixing and in the decay
amplitudes. The differential decay rates for a B0

s meson
produced at time t = 0 are obtained by changing the
sign of φs, A⊥(0) and AS(0), or, equivalently, the sign

of ck and dk in the expressions above. The PDF is in-
variant under the transformation (φs,∆Γs, δ�, δ⊥, δS) �→
(π − φs,−∆Γs,−δ�,π − δ⊥,−δS) which gives rise to a
two-fold ambiguity in the results.
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•  10 parameteri fisici    φs 
   Γs = (ΓL + ΓH ) / 2 = τBs-

1       ( per i due autostati di 
	
 	
 	
ΔΓs = ΓL – ΓH                  massa  BL e BH) 

  Δms = MH - ML 
   3 rapporti di ampiezze 
   3 differenze di fase forti 

transversity basis 



φs  da BsàJ/ψ φ  ad LHCb 
•  Fondamentalmente si misura:   sin(φs)sin(Δms t) x D(σtime) x (1-2ωtag)        
     à cruciali: risoluzione temporale, flavour tagging 
	


•  Nuova misura LHCb su 1fb-1  (tutto 2011) 
•  Selezione segnale “cut based”: 21.200 eventi con t>0.3ps, molto puliti. 
•  Risoluzione temporale evento per evento, calibrata sui dati con J/ψàµµ 

risoluzione effettiva: σtime~45 fs 
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σ(MB) = 
 6 MeV/c2 



Flavour Tagging a LHCb 
•  Separazione di B0 e B0 necessaria per sensibilità a φs 
•  “Opposite Side Tagging”: sfrutta la produzione ppàbb e i decadimenti del b 

     opposto: semileptonici, bàcàK, e ricostruzione  
        inclusiva di vertici secondari 

•  Nel fit probabilità di mistag per evento, calcolata da NNet. Calibrata sui dati con 
diversi canali di controllo  (àposter A.Falabella) 

•  Tagging power per BsàJ/ψφ :   ε(1-2ωtag)2 = (2.29 ± 0.07 ± 0.26)% 
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mistag per evento mistag prevista 
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B+→ J/ψK+  

BsàJ/ψφ  



Fit con 1fb-1 
M.Calvi, IFAE2012 8 

!cos 
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

0.
1

0

200

400

600

800

1000

1200

1400 LHCb Preliminary

CP– 

CP+ 

Proper time t [ps]
2 4 6 8

Ev
en

ts
 / 

0.
2 

ps

10

210

310

data

sig. component

cp-even sig. component

cp-odd sig. component

s-wave component

bkg. component

complete pdf

LHCb Preliminary

CP+ 

CP– 
S 

B 

 [rad]!
-2 0 2

Ev
en

ts
 / 

0.
31

 ra
d

0

200

400

600

800

1000

1200

1400 LHCb Preliminary

CP+ 

CP– 

!cos 
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

0.
1

0

200

400

600

800

1000

1200

1400

1600
LHCb Preliminary

CP– 

CP+ 

 [rad]!
-2 0 2

Ev
en

ts
 / 

0.
31

 ra
d

0

200

400

600

800

1000

1200

1400 LHCb Preliminary

S B S B 

S B 

Prima osservazione 
>5σ di ΔΓs ≠ 0 
“Gli stati CP– vivono 
piu’ a lungo che gli 
stati CP+” 

Fit a  
massa, tempo 
distribuzioni angolari  



φs  da BsàJ/ψφ 
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•  Δms= 17.63 ± 0.11 ps-1 vincolato alla misura di LHCb in BsàDsπ, ma è 
possibile misurare  Δms anche in questo stesso fit. 

•  Soluzione con ΔΓs> 0:  

 Γs     =  0.658 ± 0.005 (stat) ± 0.007 (syst)   ps-1  
ΔΓs  =  0.116 ± 0.018 (stat) ± 0.006 (syst)   ps-1  
  φs   = -0.001 ± 0.101 (stat) ± 0.027 (syst)   rad  

9 M.Calvi, IFAE2012 

LHCb-CONF-2012-002!



φs  da BsàJ/ψφ:   visione globale 
10 M.Calvi, IFAE2012 

•  Prossimo update LHCb: 
-    Aumento event yield: selezione eventi con analisi multivariata,    
     ampliamento linee di trigger usate.  
-  Aggiunta “same-side kaon” tagging: ottimizzazione e calibrazione in     
     corso con misura del mixing del Bs. 

•  Attesi altri  ~1.5 fb-1 a √s=8TeV nel 2012. 



Determinazione del segno di ΔΓs 
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•  Due soluzioni ai fit per l’ambiguità nelle decay rates: (φs,ΔΓs) à (π-φs ,-ΔΓs)  
•  L’ambiguità viene risolta usando l’interferenza tra onda-P e onda-S in range 

di m(K+K-)  esteso attorno la risonanza φ(1020) 

11 M.Calvi, IFAE2012 

ΔΓs < 0 

ΔΓs >0 

•  Per ciascuno dei 4 bins di massa si ripete il fit misurando:  
-  frazione onda-S 
-  differenza relativa di fase forte:  
      è prevista decrescere rapidamente à scelta la soluzione con ΔΓs>0 

!
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S
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LHCb, arXiv:1202.4717!



φs  da Bs àJ/ψ π+π- 
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•  Bs à J/ψ f0 osservato per la prima volta a LHCb.  
   Con 0.4 fb-1   misurato φs in BsàJ/ψ f0. 
•  Misura aggiornata a 1 fb-1 usando più  largo range di massa ππ. 
•  Analisi Dalitz dimostra che lo stato finale è 97.7% CP-dispari  @95% C.L.           
à Non necessita di analisi angolare. Contributo di f0(980) ~70%. 

•  ~7400 eventi di segnale (selezione con BDT)  
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775 < m(ππ) <1550 MeV/c2 

BsàJ/ψππ 
B0 f0(980) 

f0(1370) 
f2(1270) 

LHCb-PAPER-2012-006!
LHCb-PAPER-2012-005!



φs  da BsàJ/ψ π+π- 

•  Fit a massa e tempo.  
•  Input Γs e ΔΓs da analisi Bs àJ/ψφ.	

  

φs = -0.02 ± 0.17 (stat) ± 0.02 (syst)   rad  Bs à J/ψ ππ 

Combinato  
con BsàJ/ψφ  φs = -0.002 ± 0.083 (stat) ± 0.027 (syst)  rad  

13 M.Calvi, IFAE2012 

Asimmetria vs decay time 



Implicazioni: un esempio 
14 M.Calvi, IFAE2012 

D.Straub [arXiv:1107.0266]. Correlazione tra BR(Bsàµµ ) e φs  in diversi modelli: 
 SM4, two-Higgs con fasi flavour-blinded e modelli SUSY. 
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Implicazioni: un esempio 

LHCb 
Bsàµµ 1fb-1 

   

LHCb BsàJ/ψφ 1fb-1 

 



Bs
 → φφ + NP? 

φBs → φφ
SM ≈ 2 arg(Vts

*Vtb) – arg(VtsVtb
*) = 0 

•  Canale promettente per ricerca di NP. 
•  Nel MS la CPV ≈ 0 

•  Segnale molto pulito ~ 800 eventi. 

•  Per studio completo di CPV necessaria analisi angolare, con flavour 
tagging, dipendente dal tempo. 

•  Smoking gun: asimmetria nei tripli prodotti, funzioni che violano CP. 

componente S-wave  

16 M.Calvi, IFAE2012 



Bs à φ φ 

•  AU,V ≠0 à segnale di CPV da NP 

AU =
N(U > 0) - N(U < 0)
N(U > 0)+N(U < 0)

U = sin(2!) / 2

•  Primo risultato da CDF (PRL 107(2011) :  
               AU= - 0.007 ± 0.064 ± 0.018   A V = - 0.120 ± 0.064 ± 0.016  

V = ±sin! cos"1 cos"2 # 0,< 0

•  LHCb 1 fb-1 

17 M.Calvi, IFAE2012 

 e simile per A V 

LHCb-PAPER-2012-004!



Vite medie in decadimenti in autostati di CP 
•  Altro modo per accedere a ΔΓs e φs:  misura delle vite medie in decadimenti 

a stati finali puramente CP-pari o CP-dispari. 

•  In assenza di CPV:             = ± 1 

CP-pari:        ΓL         Bs à K+K- 
CP-dispari:    ΓH        Bs à J/ψ f0  

A!"s =
#2! f cos"s
(1+ # 2 )

R
.Fleischer,R

.K
negjens  arX

iv:1109.5115 

! KK = ! Bs0 (1+ A!"s
!"s

"s

+O( !"s

"s

#

$
%

&

'
(

2

))

•  Misura con singolo esponziale dà  
vita media effettiva: 

18 M.Calvi, IFAE2012 

CDF 2011   τ(BsàJ/ψf0) 
LHCb 2010 τ(BsàJ/ψK+K-) 



Lifetime Bs à K+K- 
•  Due misure sui dati 2010 con approcci diversi per 

correggere bias sulla lunghezza di decadimento 
dovute a trigger e selezione. 

•  Nuova misura su 1 fb-1 minimizza le distorsioni in 
selezione, usa trigger dedicato.  
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In accordo con misure precedenti e previsione del MS: 

19 M.Calvi, IFAE2012 

 Accettanza vs decay time 

LHCb-CONF-2012-001!



Conclusioni 
•  Grazie agli esperimenti ai collisori adronici la CPV incomincia ad essere  

misurata anche il settore del Bs.  Accordo col MS, ma c’ è ancora spazio  
per la ricerca di NP. 

•  Misura preliminare di LHCb con BsàJ/ψφ su 1 fb-1: 

20 M.Calvi, IFAE2012 

φs = -0.002 ± 0.083 (stat) ± 0.027 (syst)  rad  

 Γs     =  0.658 ± 0.005 (stat) ± 0.007 (syst)   ps-1  
ΔΓs  =  0.116 ± 0.018 (stat) ± 0.006 (syst)   ps-1  
  φs   = -0.001 ± 0.101 (stat) ± 0.027 (syst)   rad  

•  Combinata con la misura in BsàJ/ψππ: 

•  I primi risultati su Bsàφφ  aprono buone prospettive per le ricerche ad alta  
   luminosità. 
•  La misura precisa delle vite medie in diversi canali aggiungerà ulteriori 

informazioni su ΔΓs e φs 



Backup 
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φs  da BsàJ/ψφ  - Decay rate 
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FIG. 1. Invariant mass distribution for B0
s → µ+µ−K+K−

candidates with the mass of the µ+µ− pair constrained to
the nominal J/ψ mass. Curves for fitted contributions from
signal (dashed), background (dotted) and their sum (solid)
are overlaid.

between the K− momentum and the J/ψ momentum in
the rest frame of the φ.

We perform an unbinned maximum likelihood fit to the
invariant mass mB , the decay time t, and the three decay
angles Ω. The probability density function (PDF) used
in the fit consists of signal and background components
which include detector resolution and acceptance effects.
The PDFs are factorised into separate components for
the mass and for the remaining observables.

The signal mB distribution is described by two Gaus-
sian functions with a common mean. The mean and
width of the narrow Gaussian are fit parameters. The

fraction of the second Gaussian and its width relative to
the narrow Gaussian are fixed to values obtained from
simulated events. The mB distribution for the combina-
torial background is described by an exponential func-
tion with a slope determined by the fit. Possible peaking
background from decays with similar final states such as
B0 → J/ψK∗0 is found to be negligible from studies
using simulated events.
The distribution of the signal decay time and angles

is described by a sum of ten terms, corresponding to the
four polarization amplitudes and their interference terms.
Each of these is the product of a time-dependent function
and an angular function [12]

d4Γ(B0
s → J/ψφ)

dt dΩ
∝

10�

k=1

hk(t) fk(Ω) . (1)

The time-dependent functions hk(t) can be written as

hk(t) = Nke
−Γst [ck cos(∆mst) + dk sin(∆mst)

+ak cosh
�
1
2∆Γst

�
+ bk sinh

�
1
2∆Γst

��
. (2)

where ∆ms is the B0
s oscillation frequency. The coeffi-

cients Nk and ak, . . . , dk can be expressed in terms of φs

and four complex transversity amplitudes Ai at t = 0.
The label i takes the values {⊥, �, 0} for the three P-
wave amplitudes and S for the S-wave amplitude. In the
fit we parameterize each Ai(0) by its magnitude squared
|Ai(0)|2 and its phase δi, and adopt the convention δ0 = 0
and

�
|Ai(0)|2 = 1. For a particle produced in a B0

s

flavour eigenstate the coefficients in Eq. 2 and the angu-
lar functions fk(Ω) are then, see [13, 14], given by

k fk(θ,ψ,ϕ) Nk ak bk ck dk
1 2 cos2 ψ

�
1− sin2 θ cos2 φ

�
|A0(0)|2 1 − cosφs 0 sinφs

2 sin2 ψ
�
1− sin2 θ sin2 φ

�
|A|(0)|2 1 − cosφs 0 sinφs

3 sin2 ψ sin2 θ |A⊥(0)|2 1 cosφs 0 − sinφs

4 − sin2 ψ sin 2θ sinφ |A�(0)A⊥(0)| 0 − cos(δ⊥ − δ�) sinφs sin(δ⊥ − δ�) − cos(δ⊥ − δ�) cosφs

5 1
2

√
2 sin 2ψ sin2 θ sin 2φ |A0(0)A�(0)| cos(δ� − δ0) − cos(δ� − δ0) cosφs 0 cos(δ� − δ0) sinφs

6 1
2

√
2 sin 2ψ sin 2θ cosφ |A0(0)A⊥(0)| 0 − cos(δ⊥ − δ0) sinφs sin(δ⊥ − δ0) − cos(δ⊥ − δ0) cosφs

7 2
3 (1− sin2 θ cos2 φ) |As(0)|2 1 cosφs 0 − sinφs

8 1
3

√
6 sinψ sin2 θ sin 2φ |As(0)A�(0)| 0 − sin(δ� − δS) sinφs cos(δ� − δS) − sin(δ� − δS) cosφs

9 1
3

√
6 sinψ sin 2θ cosφ |As(0)A⊥(0)| sin(δ⊥ − δS) sin(δ⊥ − δS) cosφs 0 − sin(δ⊥ − δS) sinφs

10 4
3

√
3 cosψ(1− sin2 θ cos2 φ) |As(0)A0(0)| 0 − sin(δ0 − δS) sinφs cos(δ0 − δS) − sin(δ0 − δS) cosφs

We neglect CP violation in mixing and in the decay
amplitudes. The differential decay rates for a B0

s meson
produced at time t = 0 are obtained by changing the
sign of φs, A⊥(0) and AS(0), or, equivalently, the sign

of ck and dk in the expressions above. The PDF is in-
variant under the transformation (φs,∆Γs, δ�, δ⊥, δS) �→
(π − φs,−∆Γs,−δ�,π − δ⊥,−δS) which gives rise to a
two-fold ambiguity in the results.
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FIG. 1. Invariant mass distribution for B0
s → µ+µ−K+K−

candidates with the mass of the µ+µ− pair constrained to
the nominal J/ψ mass. Curves for fitted contributions from
signal (dashed), background (dotted) and their sum (solid)
are overlaid.

between the K− momentum and the J/ψ momentum in
the rest frame of the φ.

We perform an unbinned maximum likelihood fit to the
invariant mass mB , the decay time t, and the three decay
angles Ω. The probability density function (PDF) used
in the fit consists of signal and background components
which include detector resolution and acceptance effects.
The PDFs are factorised into separate components for
the mass and for the remaining observables.

The signal mB distribution is described by two Gaus-
sian functions with a common mean. The mean and
width of the narrow Gaussian are fit parameters. The

fraction of the second Gaussian and its width relative to
the narrow Gaussian are fixed to values obtained from
simulated events. The mB distribution for the combina-
torial background is described by an exponential func-
tion with a slope determined by the fit. Possible peaking
background from decays with similar final states such as
B0 → J/ψK∗0 is found to be negligible from studies
using simulated events.
The distribution of the signal decay time and angles

is described by a sum of ten terms, corresponding to the
four polarization amplitudes and their interference terms.
Each of these is the product of a time-dependent function
and an angular function [12]

d4Γ(B0
s → J/ψφ)

dt dΩ
∝

10�

k=1

hk(t) fk(Ω) . (1)

The time-dependent functions hk(t) can be written as

hk(t) = Nke
−Γst [ck cos(∆mst) + dk sin(∆mst)

+ak cosh
�
1
2∆Γst

�
+ bk sinh

�
1
2∆Γst

��
. (2)

where ∆ms is the B0
s oscillation frequency. The coeffi-

cients Nk and ak, . . . , dk can be expressed in terms of φs

and four complex transversity amplitudes Ai at t = 0.
The label i takes the values {⊥, �, 0} for the three P-
wave amplitudes and S for the S-wave amplitude. In the
fit we parameterize each Ai(0) by its magnitude squared
|Ai(0)|2 and its phase δi, and adopt the convention δ0 = 0
and

�
|Ai(0)|2 = 1. For a particle produced in a B0

s

flavour eigenstate the coefficients in Eq. 2 and the angu-
lar functions fk(Ω) are then, see [13, 14], given by

k fk(θ,ψ,ϕ) Nk ak bk ck dk
1 2 cos2 ψ

�
1− sin2 θ cos2 φ

�
|A0(0)|2 1 − cosφs 0 sinφs

2 sin2 ψ
�
1− sin2 θ sin2 φ

�
|A|(0)|2 1 − cosφs 0 sinφs

3 sin2 ψ sin2 θ |A⊥(0)|2 1 cosφs 0 − sinφs

4 − sin2 ψ sin 2θ sinφ |A�(0)A⊥(0)| 0 − cos(δ⊥ − δ�) sinφs sin(δ⊥ − δ�) − cos(δ⊥ − δ�) cosφs

5 1
2

√
2 sin 2ψ sin2 θ sin 2φ |A0(0)A�(0)| cos(δ� − δ0) − cos(δ� − δ0) cosφs 0 cos(δ� − δ0) sinφs

6 1
2

√
2 sin 2ψ sin 2θ cosφ |A0(0)A⊥(0)| 0 − cos(δ⊥ − δ0) sinφs sin(δ⊥ − δ0) − cos(δ⊥ − δ0) cosφs

7 2
3 (1− sin2 θ cos2 φ) |As(0)|2 1 cosφs 0 − sinφs

8 1
3

√
6 sinψ sin2 θ sin 2φ |As(0)A�(0)| 0 − sin(δ� − δS) sinφs cos(δ� − δS) − sin(δ� − δS) cosφs

9 1
3

√
6 sinψ sin 2θ cosφ |As(0)A⊥(0)| sin(δ⊥ − δS) sin(δ⊥ − δS) cosφs 0 − sin(δ⊥ − δS) sinφs

10 4
3

√
3 cosψ(1− sin2 θ cos2 φ) |As(0)A0(0)| 0 − sin(δ0 − δS) sinφs cos(δ0 − δS) − sin(δ0 − δS) cosφs

We neglect CP violation in mixing and in the decay
amplitudes. The differential decay rates for a B0

s meson
produced at time t = 0 are obtained by changing the
sign of φs, A⊥(0) and AS(0), or, equivalently, the sign

of ck and dk in the expressions above. The PDF is in-
variant under the transformation (φs,∆Γs, δ�, δ⊥, δS) �→
(π − φs,−∆Γs,−δ�,π − δ⊥,−δS) which gives rise to a
two-fold ambiguity in the results.
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FIG. 1. Invariant mass distribution for B0
s → µ+µ−K+K−

candidates with the mass of the µ+µ− pair constrained to
the nominal J/ψ mass. Curves for fitted contributions from
signal (dashed), background (dotted) and their sum (solid)
are overlaid.

between the K− momentum and the J/ψ momentum in
the rest frame of the φ.

We perform an unbinned maximum likelihood fit to the
invariant mass mB , the decay time t, and the three decay
angles Ω. The probability density function (PDF) used
in the fit consists of signal and background components
which include detector resolution and acceptance effects.
The PDFs are factorised into separate components for
the mass and for the remaining observables.

The signal mB distribution is described by two Gaus-
sian functions with a common mean. The mean and
width of the narrow Gaussian are fit parameters. The

fraction of the second Gaussian and its width relative to
the narrow Gaussian are fixed to values obtained from
simulated events. The mB distribution for the combina-
torial background is described by an exponential func-
tion with a slope determined by the fit. Possible peaking
background from decays with similar final states such as
B0 → J/ψK∗0 is found to be negligible from studies
using simulated events.
The distribution of the signal decay time and angles

is described by a sum of ten terms, corresponding to the
four polarization amplitudes and their interference terms.
Each of these is the product of a time-dependent function
and an angular function [12]

d4Γ(B0
s → J/ψφ)

dt dΩ
∝

10�

k=1

hk(t) fk(Ω) . (1)

The time-dependent functions hk(t) can be written as

hk(t) = Nke
−Γst [ck cos(∆mst) + dk sin(∆mst)

+ak cosh
�
1
2∆Γst

�
+ bk sinh

�
1
2∆Γst

��
. (2)

where ∆ms is the B0
s oscillation frequency. The coeffi-

cients Nk and ak, . . . , dk can be expressed in terms of φs

and four complex transversity amplitudes Ai at t = 0.
The label i takes the values {⊥, �, 0} for the three P-
wave amplitudes and S for the S-wave amplitude. In the
fit we parameterize each Ai(0) by its magnitude squared
|Ai(0)|2 and its phase δi, and adopt the convention δ0 = 0
and

�
|Ai(0)|2 = 1. For a particle produced in a B0

s

flavour eigenstate the coefficients in Eq. 2 and the angu-
lar functions fk(Ω) are then, see [13, 14], given by

k fk(θ,ψ,ϕ) Nk ak bk ck dk
1 2 cos2 ψ

�
1− sin2 θ cos2 φ

�
|A0(0)|2 1 − cosφs 0 sinφs

2 sin2 ψ
�
1− sin2 θ sin2 φ

�
|A|(0)|2 1 − cosφs 0 sinφs

3 sin2 ψ sin2 θ |A⊥(0)|2 1 cosφs 0 − sinφs

4 − sin2 ψ sin 2θ sinφ |A�(0)A⊥(0)| 0 − cos(δ⊥ − δ�) sinφs sin(δ⊥ − δ�) − cos(δ⊥ − δ�) cosφs

5 1
2

√
2 sin 2ψ sin2 θ sin 2φ |A0(0)A�(0)| cos(δ� − δ0) − cos(δ� − δ0) cosφs 0 cos(δ� − δ0) sinφs

6 1
2

√
2 sin 2ψ sin 2θ cosφ |A0(0)A⊥(0)| 0 − cos(δ⊥ − δ0) sinφs sin(δ⊥ − δ0) − cos(δ⊥ − δ0) cosφs

7 2
3 (1− sin2 θ cos2 φ) |As(0)|2 1 cosφs 0 − sinφs

8 1
3

√
6 sinψ sin2 θ sin 2φ |As(0)A�(0)| 0 − sin(δ� − δS) sinφs cos(δ� − δS) − sin(δ� − δS) cosφs

9 1
3

√
6 sinψ sin 2θ cosφ |As(0)A⊥(0)| sin(δ⊥ − δS) sin(δ⊥ − δS) cosφs 0 − sin(δ⊥ − δS) sinφs

10 4
3

√
3 cosψ(1− sin2 θ cos2 φ) |As(0)A0(0)| 0 − sin(δ0 − δS) sinφs cos(δ0 − δS) − sin(δ0 − δS) cosφs

We neglect CP violation in mixing and in the decay
amplitudes. The differential decay rates for a B0

s meson
produced at time t = 0 are obtained by changing the
sign of φs, A⊥(0) and AS(0), or, equivalently, the sign

of ck and dk in the expressions above. The PDF is in-
variant under the transformation (φs,∆Γs, δ�, δ⊥, δS) �→
(π − φs,−∆Γs,−δ�,π − δ⊥,−δS) which gives rise to a
two-fold ambiguity in the results.
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LHCb:  φs  da BsàJ/ψφ  
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Δms= 17.50 ± 0.13 ps-1  



24 M.Calvi, IFAE2012 

φs  da BsàJ/ψφ  -  Risultati D0 



LHCb: Determinazione del segno di ΔΓs 
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Frazione di onda S piccola ma misurabile 
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LHCb: Bs
 → φφ  Amplitude analysis 

26 M.Calvi, IFAE2012 



LHCb:  Bs mixing in BsàDs
- π+  

M.Calvi, IFAE2012 27 

•  Average time resolution:  ~44 fs 
•  Flavour tagging (SSK not yet optimized): 
       εD2

OS = 3.1 ± 0.8 %  
       εD2

SSK= 1.2 ± 0.4 %  

CDF 1 fb-1 : 

LHCb in 0.34 fb-1	


Δms =  17.725 ± 0.041 (stat) ± 0.026 (syst)  ps-1  

LHCb 2010 su 34 pb-1 

Δms =17.63+0.11+0.01 ps–1 

LHCb, PLB 709 (2012) 177!


