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  Flavour Changing Neutral Currents 
–  New Physics appears as virtual particles  in loop processes  
–  leading to observable deviations from SM expectations  

in flavour physics and  CP violation (        ) 

Standard Model 

–

Bs-Bs oscillations 

  Supersymmetry    New Physics ?   

? 
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●  CP Violation  
–  CPV   in interference between  

mixing and decays to CP eigenstates 
–  phis        where    

●  CP violating phase ϕs 
–  measured in Bs → J/ψϕ decays 
–  in Standard Model (SM)  
ϕs prediction is small and precise   

–  ϕs sensitive to new physics 

●  CP Violation in mixing 
–  CPV   in Bs mixing  -  Asl  -  measured in semileptonic asymmetry 
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●  Bs → J/ψϕ  
–  tree decay 
–  sensitive to NP 

in mixing 

●  Decay rate terms 
–  e.g. 

●  Signal for CPV  
–  sinusoidal term in proper time distribution 
–  amplitude proportional to sinϕs 
–  opposite sign for Bs/anti-Bs → tagging required 
–  diluted by wrong-tag fraction and time resolution 

●  Analysis method 
–  basically we look for 

Proper time (ps) 
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●  Full differential decay rate 
–  B → VV decay   
–  angular analysis required to disentangle  

CP-even and CP-odd components 

–  Include S-wave in KK final state under ϕ  peak → 4 additional terms 

●  Physics parameters 
–  ϕs, Γs, ΔΓs, Δms 
–  3 polarisation amplitudes, 3 strong phase differences, set δ0 = 0 
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Angular functions fk(θ,ψ,ϕ) and 
coefficients ak  bk ck and dk in backup slides 
for Bs   ck and dk multiplied by –1 

– 

transversity 
basis 
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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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●  Tagging method 
–  Tag initial Bs flavour with 

opposite b-decay: charge  of 
muon, electron, kaon or vertex 
charge (OST) 

–  tag initial Bs flavour with charge 
of same side kaon (SST) 

–  calibrate with flavour specific 
decays of similar topology 

●  Tagging power for Bs → J/ψϕ 
–  OST only, calibration with 

B+ → J/ψK+ and B0 → J/ψK*0  
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B+→ J/ψK+  

per-event mistag 

LHCb-PAPER-2011-027 
arXiv:1202.4979 

submitted to EPJC 

Mistag probability ω (36.81 ± 0.18 ± 0.74) % 
Tagging efficiency εtag (32.99 ± 0.33) % 
Tagging power εtag(1-2ω)2 (2.29 ± 0.07 ± 0.26) % 

1 fb-1, LHCb-CONF-2012-002 



●  Bs → Ds
–(K–K+π–)π+ 

–  SST global calibration 
–  εD2 = (1.2 ± 0.4)% 

●  Δms measurement 

–  OST calibration with B0 → D–π+ 
–  εD2 = (3.1 ± 0.8)% 

–  Δms = 17.725 ± 0.041 ± 0.026 ps–1 

●  Reminder 
–  2010 result, independent data set 
–  Δms =17.63+0.11+0.01 ps–1 
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LHCb-CONF-2011-050


LHCb, PLB 709 (2012) 177


9189 ± 147 

Decay time modulo 2π/Δms 



●  Published result 
–  0.37 fb-1 data set 

●  Implications 
–  limits parameter space for  

new physics 
–  M12 = M12

SM Δs 
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0.37 fb-1, PRL 108, 101803 (2012) 

A. Lenz et al., arXiv:1203.0238 

ϕs 

ΔΓs 



●  New preliminary measurement 
–  full 2011 data set (1 fb-1) 
–  ~ 21200 Bs → J/ψϕ  

signal candidates 

●  Resolutions 
–  Bs  Mass ~ 8 MeV/c2  
–  ~ 45 fs decay time resolution 
–  measured with prompt J/ψ’s 
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1 fb-1, LHCb-CONF-2012-002 

σt=45 fs 
for prompt J/ψ 

J/ψKK mass  

Decay time for J/ψ’s 
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CP– 

CP+ 

CP– 

CP+ 

CP– 

CP+ 

CP– 

CP+ 

B 
S 

1 fb-1, LHCb-CONF-2012-002 



●  New preliminary measurement 
–  full fit to Bs mass, decay time and angular distribution  
–  use opposite sign tags 

●  CP violating weak phase ϕs and decay width difference ΔΓs 
–  ϕs and  ΔΓs compatible with SM prediction 
–  first >5σ observation of non-zero ΔΓs 
–  two fold ambiguity → 2nd solution with ϕs→ π-ϕs and  ΔΓs  →  -ΔΓs 
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ϕs = -0.001 ± 0.101 ± 0.027 

ΔΓs = 0.116 ± 0.018 ± 0.006 ps-1 

Γs = 0.6580 ± 0.0054 ± 0.0066 ps-1 

|A⊥|2 = 0.246 ± 0.010 ± 0.013 

|A0|2 = 0.523 ± 0.007 ± 0.024 

FS = 0.022 ± 0.012 ± 0.007 

δ⊥ = 2.90 ± 0.36 ± 0.07  

δ|| = [2.81, 3.47] ± 0.13  
ϕs 

ΔΓs 

1 fb-1, LHCb-CONF-2012-002 



●  Intrinsic 2-fold ambiguity  

●  Interference between S and P-wave 
–  sensitive to cosϕs 
–  P-wave phases increase 

rapidly with m(KK) 
–  S-wave phase varies slowly 
–  physical solution for δS⊥  

decreases with m(KK) 
●  Result 

–  using 0.37fb-1 data set 
–  analyse larger m(KK) range  
–  δS⊥ decreases for solution 

with ΔΓs > 0 at 4.7σ 
–  Heavy Bs meson lives longer 

12 

€ 

φs,ΔΓs,δ//,δ⊥,δS( ) ⇔ π −φs,−ΔΓs, − δ//,π − δ⊥,−δS( )

€ 

δS⊥ ⇔−π −δS⊥
where δS⊥ =δS −δ⊥

with ΔΓs > 0 

with ΔΓs< 0 

0.37 fb–
1 

0.37 fb-1, LHCb-PAPER-2011-028 
arXiv:1202.4717, submitted to PRL 
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Y. Xie et al., arXiv:1107.0266 

mKK 

δs⊥ 



●  Implications 
–  ϕs limits  allowed  Asl range 
–  ϕs and Bs → µµ severely  

restrict NP parameter space 

0.37 fb-1, PRL 108, 101803 (2012) 
0.37 fb-1, LHCb-PAPER-2011-028 
1 fb-1, LHCb-CONF-2012-002 

2nd solution excluded   

D.M. Straub, arXiv:1107.0266 

ϕs 

ϕs 

ΔΓs 

BR
(B

s→
µµ

) 
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M. Blanke et al., arXiv0809.1073 

ϕs 

Asl 



●  CP violating weak phase ϕs  
–  no angular analysis required 

CP–odd fraction > 97.7%  
at 95% CL 

–  ϕs = –0.02 ± 0.17 ± 0.02 

●  Combination of Bs → J/ψϕ  
and Bs → J/ψf0  
–  ϕs = –0.002 ± 0.083 ± 0.027 
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1 fb-1, LHCb-PAPER-2012-006 

CP-odd part 
dominates: 

>97.7% (95% CL) 

7421±105 
events 

Decay time modulo 2π/Δms mππ 

preliminary 
mJ/ψππ 



●  Penguin diagrams 
–  can contribute to Bs → J/ψϕ 
–  expected to be small 

●  Question to theorists 
–  require calculation of  

irreducible error for ϕs 

●  Bs → J/ψK*0 
–  related to Bs → J/ψϕ by SU(3) Flavour 
–  useful for penguin control ? 
–  angular time dependent analysis 
–  direct CP asymmetries 

●  LHCb Bs → J/ψK*0 result 
–  2010 data, observe evidence at 4.7σ 
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S.Faller, R. Fleischer, T. Mannel, Phys. Rev. D 79, 014005 (2009) 

mJ/ψKπ LHCb-CONF-2011-025 



●  Preliminary measurements 
–  2010 dataset 
–  B+ and B0 lifetime 

limited by systematics 

●  LHCb - Ongoing Work and Plans 
–  Λb lifetime with  Λb → J/ψΛ          expected precision τ(Λb ) ~0.020 ps 
–  Bs lifetime and width difference Γs and ΔΓs 
–  B0 width difference ΔΓd   
–  experimentally – must determine acceptances  

from trigger, reconstruction and selection 
–  question to theorists – is it worth pushing B+ and B0 lifetimes?  
–  PDG 2012:   τ(B0) = 1.519 ± 0.007 ps  and τ(B+) = 1.641 ± 0.008 ps 

16-18 April 2012 CERN, LHCb Implications workshop 16 

36 pb-1, LHCb-CONF-2011-001 



●  Bs lifetime and width difference Γs and ΔΓs 
–  measure CP-odd, CP-even, average and flavour specific lifetimes  

Bs → J/ψϕ, J/ψf0, Bs → J/ψη(η’), Bs → Ds
–Ds

+ 
Bs → Ds

–(K–K+π–)π+   and Bs → K+K- 
–  precision measurement of ΔΓs   

σ(ΔΓs) < 0.01 ps-1 

–  question to theorists - 
precision of τ(Bs)/τ(B0) prediction? 

●  B0 width difference ΔΓd 

–  SM null test 
–  measure lifetime ratio 

τ(B0 → J/ψKS
0) / τ(B0 → J/ψK*0)  

–  estimated statistical sensitivity  
σ(ΔΓd/Γd) ~0.02 for 2011 data set 
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Γs 

ΔΓs 

Unofficial -  preliminary LHCb Bs → J/ψϕ  
vs HFAG 2011  flavour specific 



●  D0 evidence 
–  Asl >> SM prediction 

●  What can LHCb do? 
–  Time-integrated 

measurement of  
Bs →Ds

-µ+ν 
–  0.25% projected 

statistical uncertainty 
with 1 fb-1 

–  Result expected soon 

–  (Time-dependent) 
measurement of Asl

s – Asl
d 

with Bs →Ds
-µ+ν and  

B0 →D-µ+ν 
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Asl
d 

Asl
s 



●  LHCb updated ϕs and ΔΓs measurements 
–  ϕs = -0.001 ± 0.101 ± 0.027   from Bs → J/ψϕ 
–  ΔΓs = 0.116 ± 0.018 ± 0.006 ps-1  from Bs → J/ψϕ 

–  ϕs = –0.02 ± 0.17 ± 0.02   from Bs → J/ψf0 
–  puts severe restrictions on new physics parameter space 

●  Outlook on ϕs 
–  add Same-Side Tag 
–  improve selections 
–  add new modes Bs → J/ψη(η’),  Bs → ψ(2S)ϕ 

●  Semileptonic Asymmetry 
–  expect Asl

s  result with time-integrated measurement with Bs →Dsµν 
●  B lifetimes 

–  Λb lifetime 
–  Bs lifetime and width difference Γs  and ΔΓs 

●  Collect ~1.5 fb-1 in 2012 – Stay tuned 
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●  Full differential decay rate 

–  S-wave KK final state under  
ϕ  peak → 4 additional terms 

●  Physics parameters 
–  ϕs, Γs, ΔΓs, Δms 
–  3 polarisation amplitudes 
–  3 strong phase differences 

set δ0 = 0 
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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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(b)

●  First observation of Bs→J/ψf’2(1525) 
–  observe f’2(1525) → K+K-  mass peak 
–  dominant ϕ(1020) peak 
–  non-resonant K+K- component 

●  Bs → J/ψf0 (980), f0(980) → π+π- 
–  pure CP-odd mode 
–  no angular analysis required 
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– Bs signal region 
– Bs sidebands 

Bs→ J/ψ f’2 

Bs→ J/ψ KK 

f’2(1525) 

LHCb, arXiv:1112.4695, 

Phys. Rev. Lett. 108, 151801 (2012) 
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