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CP  Violation in B0s

• B0
s is one of the least explored systems 

• Study of CP violation in B0
s mixing may 

help explain the observed CP violation 
in Universe and lead to possible new 
physics

• Predicted CP rated is very small in SM - 
search for large deviations

•Mixing induced CP violation
• Assume no CP in decays
• 2 observables phases
• φs - accessible through semileptonic 

decays

• ßs- accessible through B0
s →J/ψ+X decays
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CP Violation in Bs 
  Assume no CPV in decays 
  CPV is possible through mixing 

  2 phases involved 
  �s access through

 Bs→J/ψφ 
   φs access through

 semileptonic decays 
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  Contribution of new particles in the box
 diagram can enhance both: 
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s, 2βSM
s  

  -2βs~φs~φs
NP

 

3 

CP Violation in Bs 
  Assume no CPV in decays 
  CPV is possible through mixing 

  2 phases involved 
  �s access through

 Bs→J/ψφ 
   φs access through

 semileptonic decays 

2011/05/31 D. Tsybychev 

  

€ 

βs
SM = arg −VtsVtb

* /VcsVcb
*[ ] = λη2 ≈1  (β = 22 )

€ 

ϕs = arg −
M12

Γ12

% 

& 
' 

( 

) 
* = (4.2 ±1.3) ×10-3  

  Contribution of new particles in the box
 diagram can enhance both: 

  2βs = 2βSM
s -  φs

NP 

   φs = φSM
s -  φs

NP      with   φs
NP>>φSM

s, 2βSM
s  

  -2βs~φs~φs
NP

 

3 

CP Violation in Bs 
  Assume no CPV in decays 
  CPV is possible through mixing 

  2 phases involved 
  �s access through

 Bs→J/ψφ 
   φs access through

 semileptonic decays 

2011/05/31 D. Tsybychev 

  

€ 

βs
SM = arg −VtsVtb

* /VcsVcb
*[ ] = λη2 ≈1  (β = 22 )

€ 

ϕs = arg −
M12

Γ12

% 

& 
' 

( 

) 
* = (4.2 ±1.3) ×10-3  

  Contribution of new particles in the box
 diagram can enhance both: 

  2βs = 2βSM
s -  φs

NP 

   φs = φSM
s -  φs

NP      with   φs
NP>>φSM

s, 2βSM
s  

  -2βs~φs~φs
NP

 

3 

CP Violation in Bs 
  Assume no CPV in decays 
  CPV is possible through mixing 

  2 phases involved 
  �s access through

 Bs→J/ψφ 
   φs access through

 semileptonic decays 

2011/05/31 D. Tsybychev 

  

€ 

βs
SM = arg −VtsVtb

* /VcsVcb
*[ ] = λη2 ≈1  (β = 22 )

€ 

ϕs = arg −
M12

Γ12

% 

& 
' 

( 

) 
* = (4.2 ±1.3) ×10-3  

  Contribution of new particles in the box
 diagram can enhance both: 

  2βs = 2βSM
s -  φs

NP 

   φs = φSM
s -  φs

NP      with   φs
NP>>φSM

s, 2βSM
s  

  -2βs~φs~φs
NP

 

3 

• Contribution of new particles in the box 
diagrams may enhance both
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CP Violation in B0
s →J/ψ+X

• Study B0
s →J/ψ+X decays

• X may be a (non)resonant final state and 
affect the CP measurements 

•  For example S-wave contributions

• X=φ(K+K-) golden mode, used to 
measure CP-violating phase

• Study additional channels

• X=f0(980)(π+π-) also used to measure 
CP-violating phase

• S. Stone and L. Zhang, Phys. Rev. D 79, 
074024 (2009)

• LHCb Phys. Lett. B698,115 (2011)

• Analysis of decay B0s→J/ψK+K- for 

1.35<M(K+K-)<2.0

• Measurement of branching ratio and study 
of spin have been performed for the 
resonant decay

• LHCb: Phys. Rev. Lett. 108, 151801 (2012)
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Event reconstruction 

"  Events fired with Dimuon and/or single muon are used 
to make J/ψ candidates using two reconstructed opposite 
charge muons 

"  For each J/ψ candidates, search for K+K- vertex using 
opposite charge tracks assuming they are kaons 

"  For each J/ψ and K+K- vertex, reconstruct Bs
0 candidate 

with standard cuts 
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B0
s →J/ψ+ K+K- Selection
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• Study B0
s →J/ψ+ K+K- decays                      

• For each J/ψ candidate find K+K- pair with 
common vertex

• assign kaon mass

• require m(K+K-)> 1.35 GeV

• Reconstruct B0
s candidate by forming 

a vertex for J/ψ and K+K- pair

• Enhance signal by requiring              
1.45<m(K+K-) <1.60 GeV and |cosψ|<0.8 
(see later)

• Signal + Background model fit yields 578 ± 
100 events with fit probability 0.338

• Background only fit probability 4.5x10-5

Saturday, July 7, 12



J/ψK+K- Sample Composition
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• Decays attributed to f’2(1525)

• PDG mass 1525±5 MeV, width 73+6-5 
MeV

• BR to KK: 89%, ππ: 1% 

• Other possible contributions due f2(1270) 

• BR to 2π/4π: 87.6%, KK: 4.6%

• f0(1500)  

• BR to 2π/4π: 85%, KK: 8%

• No peak observed under J/ψπ+π- hypothesis 

• Additional contribution possible due to      
B0 →J/ψK*J(1430)(→Kπ)

Saturday, July 7, 12



Peaking Backgrounds
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• Decays B0 →J/ψK*J(1430)(→Kπ) contribute to the signal due to π misidentification as K

• Contribution estimated in the fit using templates of B0 →J/ψK*J in steps of m(K+K-) of 50 MeV 
from MC

• Signal and background templates are fitted with double Gaussian

• Extract B0s yield as a function of m(K+K-)

B0 →J/ψK*2(1430) B0 →J/ψK*0(1430) Signal

Saturday, July 7, 12



J/ψK+K- Signal Yield

•Extract signal in 50 MeV bin of m(K+K-)
•Relative normalization of two K*J(1430) 
states are allowed to vary
• Normalization of Signal and all 
background are not constrained to be 
positive for unbiased rates close to 
zero

•Event yield versus m(Κ+Κ-) distributions 
is fitted with signal (convoluted with 
Relativistic Breit-Wigner(J=2)) and a 
constant non-resonant term assumed to 
be S-wave
• Signal: 669 ± 158
• S-wave (in m(Κ+Κ-) 1.4 to 1.7 GeV): 
331 ± 73
• Measure BR relative to B0 →J/ψφ:

7
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FIG. 15: The M(K+K−) distribution from the simulation of
the decay B0

s → J/ψf ′
2(1525) fitted by the relativistic Breit-

Wigner function [1].
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FIG. 16: (color online.) Fit to the B0
s yield versus M(K+K−)

as obtained in Fig. 10. The full fit to B0
s → J/ψK+K−

includes a f ′
2(1525) signal described by a relativistic Breit-

Wigner and non-resonant constant term for the S wave.

VIII. RATIO OF B(B0
s → J/ψf ′

2(1525)) AND

B(B0
s → J/ψφ)

To determine an absolute branching fraction for the
B0

s → J/ψf ′
2(1525) decay, efficiencies, branching frac-

tions, and the cross section need to be known, as well
as the integrated luminosity. However, terms common
to the B0

s → J/ψf ′
2(1525) and the B0

s → J/ψφ branch-
ing fractions cancel in their ratio. A measurement of
the relative branching fraction Rf ′

2
/φ requires the yields

of the two decays, NB0
s
→J/ψf ′

2
(1525) and NB0

s
→J/ψφ, and

the reconstruction efficiencies of the two decay modes,
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where NB0
s
→J/ψf ′

2
(1525) is determined in the mass range

1.4 < M(K+K−) < 1.7 GeV and NB0
s
→J/ψφ in the mass

range 1.01 < M(K+K−) < 1.03 GeV. The only differ-
ence in the event selection for the two channels is the
M(Kπ) > 1 GeV condition applied for the J/ψf ′

2(1525)
candidates.

The yield of the B0
s → J/ψφ decay is determined by fit-

ting the data, shown in Fig. 17, with a Gaussian function
for the signal, a second-order polynomial for background,
and the reflection of the decay B0

d → J/ψK∗ taken from
simulations. The total number of B0

s → J/ψφ events is
3790 ± 78.
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FIG. 17: (color online.) Invariant mass distribution of B0
s

candidates with ct > 200 µm for events in the mass range
1.01 < M(K+K−) < 1.03 GeV. A fit to a sum of a Gaussian
B0

s → J/ψφ signal (dashed-dotted) a quadratic combinatorial
background (dotted), and the reflection of the decay B0 →
J/ψK∗(892) (dashed), is used to extract the B0

s yield.

We use simulated samples of the two decay processes
to determine the reconstruction efficiencies. For the de-
cay B0

s → J/ψf ′
2(1525) the efficiency is measured to

be (0.122 ± 0.002)% and for the decay B0
s → J/ψφ it is

(0.149±0.002)% (where the uncertainties are due to MC
statistics), yields Rf ′

2
/φ = 0.22 ± 0.05(stat).

IX. SYSTEMATIC UNCERTAINTIES

The main contributions to systematic uncertainties are
summarized in Table I. They are evaluated as follows:

• K∗
0 (1430) width: We vary the K∗

0 width within its
uncertainty of 0.08 GeV [1].
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We use simulated samples of the two decay processes
to determine the reconstruction efficiencies. For the de-
cay B0

s → J/ψf ′
2(1525) the efficiency is measured to

be (0.122 ± 0.002)% and for the decay B0
s → J/ψφ it is

(0.149±0.002)% (where the uncertainties are due to MC
statistics), yields Rf ′

2
/φ = 0.22 ± 0.05(stat).

IX. SYSTEMATIC UNCERTAINTIES

The main contributions to systematic uncertainties are
summarized in Table I. They are evaluated as follows:

• K∗
0 (1430) width: We vary the K∗

0 width within its
uncertainty of 0.08 GeV [1].

"  Measurement of relative branching fraction of Bs
0!J/ψf2

’(1525) to Bs
0!J/ψϕ have 

been performed at LHCb and D0 

 

 

 

"  Spin study of LHCb data shows that the data are not likely to be pure spin 0, but are 
compatible with a higher spin state consistent with an f2

’(1525)  contribution 

Summary 

D0 

LHCb 

0.22 ± 0.05(stat) ± 0.04(syst) 

0.264 ± 0.027(stat) ± 0.024(syst) 
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Spin Study

• Study spin configuration J=0+,1-,2+

• Decay amplitude is given by:

•θ, φ and ψ are angles in helicity basis 
and sum extends over  equal helicities 
m of the J/ψ and the spin J of (K+K-) 
system
• D is acceptance for event 
reconstruction
• Decay amplitude is obtained in 
helicity angle ψ, integrate out other 
two angles
• D0 data favor spin=2
• D0 data also accommodate a fit of 
coherent superposition of J=0 and 
J=2,with S-wave fraction 0.17+-0.14
• Submitted to  Phys. Rev. D
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Spin of the Κ+Κ- system in M(Κ+Κ-) 1.45 to 1.6 GeV ? JP=0+,1-,2+ ?? 
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Decay amplitude can be written as: 

"  θ, ϕ and ψ are angles in helicity basis and sum extends over 
equal helicities m of the J/ψ and the spin J of (K+K-) system 

"  Function D is acceptance for event reconstruction 
"  Due to limited statistics the decay amplitude is obtained in 

helicity angle ψ, after integrating out other two angles 
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φJ/ψφ
s  and ∆Γs  in  B0

s→J/ψφ

• Measure φJ/ψφ
s(βs) and ∆Γs by studying 

time evolution of flavor tagged          Bs→J/
ψ(μ+μ-φ(K+K-))decays

•Pseudoscalar→Vector Vector

•3 possible angular momentum states 

• The mass eigenstates are expected to be 
almost pure CP-eigenstates 

• S,D (CP even): linear combination of A0, A|| 

• P (CP odd): A⊥ 

9
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ϕJ/ψϕ
s in Bs→J/ψϕ    

  Measure ϕJ/ψϕ
s(βs)  and ∆Γs by studying 

time evolution of flavor tagged Bs→J/ψ(µ
+µ-)φ(K+K-) decays 
  Pseudoscalar → Vector Vector  
  3 possible angular momentum states 

  The mass eigenstates are expected to 
be almost pure CP-eigenstates 
  S,D (CP even): linear combination of A0, A|| 

  P (CP odd): A⊥  

  Decay parameterized by three angles 

€ 

Γ(t) ≈ Aeven (θ,ψ,ϕ,t)
2

+ Aodd (θ,ψ,ϕ,t)
2

+A*A(CPC)
+A*A(CPV )(e−ΓL t − e−ΓH t )sinφs

J /ψϕ

CP-conserving interference  

CP-violating interference  

  CP eigenstates - well 
separated in  

     transversity (cosθ) 
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be almost pure CP-eigenstates 
  S,D (CP even): linear combination of A0, A|| 

  P (CP odd): A⊥  

  Decay parameterized by three angles 

€ 

Γ(t) ≈ Aeven (θ,ψ,ϕ,t)
2

+ Aodd (θ,ψ,ϕ,t)
2

+A*A(CPC)
+A*A(CPV )(e−ΓL t − e−ΓH t )sinφs

J /ψϕ

CP-conserving interference  

CP-violating interference  

  CP eigenstates - well 
separated in  

     transversity (cosθ) 

11 
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B0
s→J/ψφ  Event Selection

• B0
s→J/ψφ selection criteria are designed 

to minimize measurement uncertainties 
on φJ/ψφ

s and  ∆Γs

•Based on Boosted Decision Tree multivariate 
technique

•Square cuts as a cross check and systematics

10
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Resolution, Flavor Tagging, Acceptance

•Use event-by-event 
resolution 
•Approximated as sum of 
several Gaussians
•Variation for systematics 

11

||d
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|D
|
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0.6

(IIa)*0D+µ→0Data: B
(IIb1)*0D+µ→0Data: B

(IIb2)*0D+µ→0Data: B

(IIb3)*0D+µ→0Data: B
Data: Weighted Ave.

Fit to Data
Uncertainty

-1Run II, 8 fbD

•Use combined OST
•Muon
•Electron
•Jet vertex charge
•Dilution calibrated using 
B0

d decays 

• Correct for acceptance 2D 
acceptance in cos(θ),φ
• Data selection criteria 
applied to MC generated 
uniform in all angles
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φJ/ψφ
s  and ∆Γs  Fit Results

• Use Markov chain technique to draw 
contours in ∆Γs vs φJ/ψφ

s   parameter space
• Sample randomly likelihood using 
Metropolis-Hasting algorithm 
• Use sampled likelihood  to obtain 
contours and combine systematic 
uncertainties

• Combine BDT and cut based results

12

B0
s ! J/ � Result

P x
⌧ s 1.443+0.038

�0.035 ps

��s 0.163+0.065
�0.064 ps�1

�J/ �
s �0.55+0.38

�0.36

|A0|2 0.558+0.017
�0.019

|Ak|2 0.231+0.024
�0.030

�k �3.15 ± 0.22
(�?-�s) �0.11+0.027

�0.025

FS(eff ) 0.173 ± 0.036

SM p-value = 29.8%

−1 0.12 ps± 17.77 ≡ sM∆

SM

68% CL

90% CL

95% CL
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R. Magaña (DØ/ Cinvestav) CP Violation on Bs ! J/ � LaTuille 2012 21 / 22
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Additional Channels for ßs Measurements

•J/ψf0(980) final state corresponds to a CP-
odd eigenstate of B0

s 
•Could be used in studies of CP 
violation

•Use BDT selection
•Normalize to B0

s→J/ψφ

13

4

The LHCb Collaboration has reported [12] a first
measurement of Rf0/φ = 0.252+0.046

−0.032 (stat)
+0.027
−0.033 (syst).

The Belle Collaboration has measured the branching
fraction B(B0

s → J/ψf0(980), f0(980) → π+π−) =
[1.16+0.31

−0.19 (stat)
+0.15
−0.17 (syst)

+0.26
−0.18(NB(∗)

s B̄(∗)
s

)] × 10−4 [13],

where N
B(∗)

s B̄(∗)
s

is the number of B(∗)
s B̄(∗)

s pairs in the
sample. The CDF Collaboration has also measured the
relative branching fraction and finds Rf0/φ = 0.257 ±
0.020 (stat) ± 0.014 (syst) [14]. We report a new mea-
surement of the relative branching fraction using data
collected with the D0 detector at the Fermilab Tevatron
Collider.
To determine an absolute branching fraction requires

an excellent understanding of efficiencies, other related
branching fractions, cross sections, and integrated lumi-
nosity. However, by measuring a relative branching frac-
tion, terms common to both the B0

s → J/ψf0(980) and
the B0

s → J/ψφ decays cancel, giving:

Rf0/φ =
NB0

s
→J/ψf0(980)

NB0
s
→J/ψφ

·
ε
B0

s
→J/ψφ

reco

ε
B0

s
→J/ψf0(980)

reco

. (2)

Hence, just the yieldsNB0
s
→J/ψf0(980) andNB0

s
→J/ψφ and

their detection efficiencies, ε
B0

s
→J/ψφ

reco and ε
B0

s
→J/ψf0(980)

reco ,
are needed to measure Rf0/φ.
The D0 detector is described in Ref.[15], and only

those components that directly affect this measurement
are discussed below. The tracking system consists of
a silicon microstrip tracker (SMT) and a central fiber
tracker (CFT), both located within a 1.9 T supercon-
ducting solenoid magnet. The SMT has approximately
800,000 individual strips, with typical pitch of 50 − 80
µm, and a design optimized for tracking and vertex-
ing capability within the pseudorapidity range |η| < 3
[16]. The system has a six-barrel longitudinal structure,
each barrel having four layers arranged axially around
the beam pipe, interspersed with 16 radial disks. The
CFT has eight thin coaxial barrels, each supporting two
doublets of overlapping scintillating fibers of 0.835 mm
diameter. One doublet is parallel to the collision axis,
and the others alternate by ±3◦ relative to that axis.
The muon system resides beyond a calorimeter that sur-
rounds the inner tracking detectors, and consists of one
layer of tracking detectors and scintillation trigger coun-
ters before 1.8 T toroids, followed by two similar layers
after the toroids.
Approximately 8 fb−1 of integrated luminosity is used

in this analysis. The data are divided into four time pe-
riods, corresponding to different detector configurations
and instantaneous luminosities, called Run IIa (1.4 fb−1),
Run IIb1 (1.4 fb−1), Run IIb2 (3.3 fb−1), and Run IIb3
(2.1 fb−1).
We search for B0

s → J/ψf0(980) candidates using the
decay mode J/ψ → µ+µ−. Events are collected using
a mixture of single and dimuon triggers which have a

similar trigger efficiency for both B0
s → J/ψf0(980) and

B0
s → J/ψφ. Muon candidates must have transverse

momentum pT > 1.5 GeV and be detected in the muon
chambers within the toroidal magnet. In addition, each
muon track must be associated with a track reconstructed
by the CFT, and have at least one SMT hit. The J/ψ
candidates are formed from two oppositely charged muon
candidates emanating from a common vertex, and have
at least one of the muon candidates detected outside the
toroidal magnet.
All reconstructed tracks not associated with muons

forming a J/ψ candidate are considered in the recon-
struction of f0(980) and φ candidates. Since the D0
detector has limited ability to separate kaons from pi-
ons, tracks are assigned the pion mass when searching
for B0

s → J/ψf0(980) and the kaon mass when search-
ing for B0

s → J/ψφ. Charged tracks are required to
have at least two CFT hits, at least two SMT hits, a
total of at least eight SMT and CFT hits, and a mini-
mum pT of 300 MeV. Any two oppositely charged tracks
that have one track with transverse momentum pT > 1.4
GeV, an invariant mass 0.7 GeV < Mπ+π− < 1.2 GeV
or 1.0 GeV < MK+K− < 1.05 GeV, and are consistent
with originating from a common vertex, are considered as
f0(980) and φ candidates, respectively. The µ+µ−π+π−

(µ+µ−K+K−) candidates are required to form a com-
mon vertex and have an invariant mass between 5.0 and
5.8 GeV. The invariant mass requirements onMπ+π− and
MK+K− prevent the two tracks to be considered as can-
didates for both f0(980) and φ interpretations.
The final data sample is formed by applying the fol-

lowing additional requirements to further reduce back-
grounds. The f0(980) and φ candidates must have pT
> 1.6 GeV with 0.91 GeV < Mπ+π− < 1.05 GeV and
1.01 GeV < MK+K− < 1.03 GeV. The B0

s candidates
are required to have pT > 5 GeV, 2.9 GeV < Mµ+µ− <
3.2 GeV, and have a proper decay length with a signifi-
cance of greater than 5 standard deviations (sd).
The proper decay length, defined as Lxy · (MB0

s

/pT ),
where pT is the transverse momentum of the B0

s , MB0
s

is
the PDG value of the mass of the B0

s [17], and Lxy [18] is
the transverse distance between the primary pp̄ interac-
tion vertex and the four-track vertex of the B0

s candidate,
is calculated for candidate primary vertices that use the
transverse beamspot as a constraint. If there is more than
one such vertex in an event, the primary vertex nearest
in the transverse plane to the J/ψ candidate is chosen
for this analysis.
A final selection is based on two Boosted Decision Tree

[19, 20] (BDT) discriminants. We use the Monte Carlo
(MC) pythia program [21] to generate B0

s events and
the evtgen program [22] to simulate their decay. MC
signal and background samples are used to train a BDT
and to form discriminant output values for each event.
The expected background is primarily due to two sources:
prompt background that is defined as directly produced
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TABLE II: Systematic uncertainties in the branching fraction
ratio, Rf0/φ.

Source Uncertainty
Fitting 17.3%
MC efficiency 9.2%
Modeling variables in BDT 8.9%
f0(980) mass window 4.0%
S-wave contribution 3.5%
Total 22.2%

describe the data perfectly in all variables. To study this
effect on the training of the BDT, the MC distributions
for signal are weighted to match the B0

s → J/ψφ data.
Only the B0

s → J/ψφ events are used for this purpose
because in the B0

s → J/ψf0(980) channel there is much
background and a far smaller signal fraction.
Using the Run IIb2 data and Run IIb2 MC, we

find that the relative efficiency for event reconstruction
changes from 1.20 ± 0.05 without reweighting to 2.00
± 0.07 after weighting. Although this corresponds to a
large difference in relative efficiency, the relative yields
also change, thereby changing Rf0/φ by just 17.8%. Half
of the difference between the nominal result and the
reweighted BDT result is taken as a systematic uncer-
tainty on Rf0/φ. A 4.0% systematic uncertainty is as-
signed for the observed dependence of Rf0/φ on the size
of the f0(980) mass window. Table II summarizes the
values of the systematic uncertainties on Rf0/φ.
Based on 8 fb−1 of data, D0 has extracted a measure-

ment of the relative branching fraction Rf0/φ of Eq. 1.

Rf0/φ = 0.275± 0.041 (stat)± 0.061 (syst).

This agrees with theoretical expectations and with pre-
vious measurements of the ratio of widths.
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Summary

• Mature experiment still producing exciting results

• Sizeable B0
s sample has been accumulated

• Almost full 10 fb-1 data sample analyzed

• Adding new channels

• Measured relative branching fraction of B0
s →J/ψf’2(1525) to B0

s→J/ψφ 
and spin of the K+K- system

• Consistent with J=2 or superposition of J=0,2 states

• Measured of B0
s mixing parameters, polarization amplitudes and phases 

in the B0
s→J/ψφ decay channel using 8 fb−1 data sample

• Measured relative branching fraction of B0
s →J/ψf0(1525) to B0

s→J/ψφ 

• Plan to use for phase measurement with full dataset
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BACKUP
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