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Strange Properties of Beautiful Mesons 

• Neutral mesons with fast oscillation rate (~18 ps-1)

• Flavour     ,        and mass      ,       eigenstates different
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Measuring Beyond SM effects

•      sensitive to effects of new physics, 
both through         and                .

•        measured from           

•                can be obtained through 

•      from tree level processes; new physics unlikely, 
however NP can enter width difference through 

• leads to decrease in        .

• Gluinos and squarks in MSSM box diagrams can 
compete with SM contributions,

4

|M12| arg(M12)
M12

∆ms ∼ 2|M12||M12|

arg(M12) φs = arg
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Γ12
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∆Γs = 2|Γ12| cos φs ≈ ∆ΓSM cos φs
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Width Difference ΔΓs

• Width difference                             , where
                                              is the difference between 
the CP-even and CP-odd final-states.

•           is independent to CP-violation,
 provides a further check on NP

• Effects from New Physics processes 
may reduce width difference

• Width difference in Bs system predicted in SM as

5

∆Γs = ∆ΓCP
s cos φs

∆ΓCP
s ≡ 2|Γ12| = Γ(even)− Γ(odd)

∆ΓCP
s

CP - even final states

CP - odd final states   

∆Γs↑
∆Γs↓

∆Γs

Γs
= 0.124± 0.056

hep-ph/0612167v3
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Bs→Ds(*)Ds(*)

• Decay of Bs → Ds+Ds- is pure CP-even

• Under certain theoretical assumptions Ds(*)Ds(*) 
is mainly CP-even. 

• Under these assumptions, measurement of branching 
fraction allows determination of the width difference

• Measurement of                                previously performed 
at ALEPH from study of correlated  
production from     decays
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Measuring Bs mesons at DØ 

• Tevatron: proton–antiproton collisions at √s=1.96 TeV.

• Most B physics analyses utilise excellent 3-layer muon system 
with large |η|<2 coverage.

• Vertexing and decay-length measurements using silicon and 
fiber-tracking systems, enclosed within 2T field.

• Over 3.5fb-1 delivered by accelerator division to DØ since 2002. 

• This analysis used ~1fb-1 integrated luminosity.
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Branching Fraction Determination

• Branching ratio is determined from expression:
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N(µφDs)−Nbkg(µφDs)

N(µDs) f(B0
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s )
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From PDG

What we want

Determined from Data/Simulation



James Walder – Lancaster University  IOP Conference – 31 March 2008

Normalisation Channel
• Normalise main decay to 

to reduce detector related systematics.

• Number of events in normalisation channel 
estimated from binned fit. 

• Double Gaussian for φ peak, single Gaussians 
for Ds and D peaks. 

• Background parameterised by 2nd-order 
polynomial.

• Extracted values used as fixed inputs in other 
fits.
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bution under the !!2" meson to be estimated. This !!2"
meson and muon were required to form a Ds vertex. To
suppress background, the mass of the ("!!2") system was
required to be 1:2<M!"!!2""< 1:85 GeV=c2. The
Ds!!!1"#" and Ds!!!2""" mesons were required to form
a B0

s vertex. The mass of the ("!!2"Ds) system, i.e.,
the combined mass of Ds ! !!2""$ and Ds ! !!1"#
candidates, was required to be 4:3<M!"!!2"Ds"<
5:2 GeV=c2. An isolation value exceeding 0.6 and VPDL
greater than 150 "m were required for the B0

s meson.
To reduce the effect of systematic uncertainties, we

calculated the ratio R # Br!B0
s ! D!$"

s D!$"
s " % Br!Ds !

!"$"=Br!B0
s ! D!$"

s "$X". We extracted Br!B0
s !

D!$"
s D!$"

s " from R using the known values [7] for Br!Ds !
!"$", Br!B0

s ! D!$"
s "$X", and Br!Ds ! !#". R can be

expressed in terms of experimental observables:

 R #
N"!!2"Ds

& Nbkg

N"Ds
f!B0

s ! D!$"
s "$X"

1

2Br!! ! K'K&"

% "!B0
s ! D!$"

s "$X"
"!B0

s ! D!$"
s D!$"

s "
; (1)

where N"Ds
is the number of ("Ds) events, N"!!2"Ds

is the
number of ("!!2"Ds) events, Nbkg is the number of back-
ground events in the ("!!2"Ds) sample that are not pro-
duced by B0

s ! D!$"
s D!$"

s decays, and f!B0
s ! D!$"

s "$X" is
the fraction of events in ("Ds) coming from B0

s !
D!$"

s "$X. The ratio of efficiencies "!B0
s ! D!$"

s D!$"
s "=

"!B0
s ! D!$"

s "$X" to reconstruct the two processes was
determined from simulation. All processes involving b
hadrons were simulated with EVTGEN [8] interfaced to
PYTHIA [9], followed by full modeling of the detector
response with GEANT [10] and event reconstruction as in
data. The number of ("Ds) events was estimated from a

binned fit to the (K'K&#) mass distribution shown in
Fig. 1(a) from the 145 000 candidates passing the selection
criteria. The resulting fit is superimposed in Fig. 1(a) as a
solid line and gives N"Ds

# 17 670( 230!stat" events.
The number of ("!!2"Ds) events was extracted using

a unbinned log-likelihood fit to the two-dimensional dis-
tribution of the invariant masses MD of the (!!1"#) sys-
tem and M!!2" of the two additional kaons from the (!!2"")
system. All candidates from the ("!!2"Ds) sample with
1:7<MD < 2:3 GeV=c2 and 0:99<M!!2" <1:07GeV=c2

were included in the fit. In the fit, the masses and widths for
both Ds and ! signals were fixed to the values extracted
from a fit to the ("Ds) data sample. Extracted from the fit
were the numbers of N"!!2"Ds

events from correlated (joint)
signal production of (!!1"#) and !!2", events with a recon-
structed (!!1"#) in the mass peak of Ds!!!1"#" without
joint production of !!2" from (!!2"") (i.e., uncorrelated),
events with a reconstructed !!2" from (!!2"") without joint
production of (!!1"#) in the mass peak of the Ds!!!1"#"
(i.e., also uncorrelated), and combinatorial background.

The results of the fit are displayed in Fig. 2. The fit gives
N"!!2"Ds

# 13:4'6:6
&6:0 events from the 340 candidates in-

cluded in the fit, with a statistical significance of 2:2%.
The fraction f!B0

s ! D!$"
s "$X" was determined simi-

larly to [11], assuming that in addition to the decays B0
s !

D!$"
s "$X and B0

s ! D!$"
s &!! "$"$X, the following decays

contribute to the ("Ds) sample: B ! DsD!$"X, B0
s !

D!$"
s D!$"

s , and B0
s ! DsDX. The branching fractions for

B ! DsD!$"X and B0
s ! D!$"

s D!$"
s are taken from Ref. [7].

There is no experimental information for the Br!B0
s !

DsDX"; therefore, we used the value 15.4% provided by
Ref. [8] with an assigned uncertainty of 100%.

In addition, the ("Ds) sample includes the processes
c !c ! D!$"

s "$X, b !b ! D!$"
s "$X, and events with a mis-
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FIG. 1. (a) The (K'K&#) invariant mass spectrum of the ("Ds) sample in the mass window 1:01<M!K'K&"< 1:03 GeV=c2. The
D' and Ds mass peaks are clearly visible. (b) Mass spectrum of the (K'K&) system of the ("Ds) sample in the mass window
1:92<M!K'K&#"< 2:00 GeV=c2.
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        Extracting             

• Use 2-dimensional unbinned maximum 
log-likelihood technique to simultaneously fit:

-               from                , 

- and            .

γ/π0s not reconstructed

10
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2
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        Extracting             

• Sample of                 events contains contributions:

- Combinatoric background,

- Reconstructed        in mass peak of Ds, without joint 
production of φ from      ,

- Reconstructed φ from       , without joint production 
of       in mass peak of Ds, 

- Joint signal production of       and φ.

• Use event-by-event fitting procedure to extract fractions 
of each contribution.

11

N(µφD(∗)
s )

(µφD(∗)
s )

φπ
φµ

φµ

φπ

φπ

L =
N∏

i

Fi

Chapter 4: Analysis 66

values extracted from the fits of the (µD(∗)
s ) sample. The likelihood function

L is given by

L =
∏

i

F i, (4.11)

where the index i runs over the total number of events N
(µφ2D(∗)

s )
of the

(µφ2D
(∗)
s ) sample, and the PDF F is defined as

F(MD, Mφ) = fsSD(MD)Sφ(Mφ)

+ fφB(MD, aD, bD)Sφ(Mφ)

+ fDSD(MD)B(Mφ, aφ, bφ)

+ (1 − fs − fD − fφ)B(MD, aD, bD)B(Mφ, aφ, bφ), (4.12)

where

SD(m) =
1√
2πσ̂Ds

exp

{

−1

2

(

m − m̂Ds

σ̂Ds

)2
}

, (4.13)

Sφ(m) =
ĥ√

2πσ̂n

exp

{

−1

2

(

m − m̂φ

σ̂n

)2
}

+
1 − ĥ√
2πσ̂w

exp

{

−1

2

(

m − m̂φ

σ̂w

)2
}

, (4.14)

B(m, a, b) =
1

mmax − mmin
+ am′ + b(m′2 − 1

3
), (4.15)

where m′ is defined in Eq. 4.7. In the fit, the values that fx{x = s, D, φ}
could take were constrained to be in the range [0, 1]. The number of signal

events N(µφ2D
(∗)
s ) was determined from

N(µφ2D
(∗)
s ) = fsN(µφ2D(∗)

s )
. (4.16)

From the N
(µφ2D(∗)

s )
= 341 events in the fit,

N(µφ2D
(∗)
s ) = 13.4+6.6

−6.0 events (4.17)

are estimated.
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Results

• From fit estimate                                  events.

• Plot projection of fit results in signal regions of the non-plotted 
mass.

12

m(ϕ1π) m(ϕ2)

N(µφD(∗)
s ) = 13.4+6.6

−6.0
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Background Contributions

• From MC estimate contribution of the normalisation 
                         channel as 

• Using MC and data estimate the background 
component to the signal process 

• Estimate                                    background events.

• Efficiency of reconstruction is found from simulation.

- Due to trigger effects and uncertainties in B meson production, 
MC is reweighted.

- Ratio of efficiencies 

13

f(B0
s → D(∗)

s µX) = 0.82± 0.05
B0

s → D(∗)
s µX

Process f(b → B) Branching ratio (%) ri

B0 → DsD(∗)X 0.397 10.5 ± 2.6 0.072 ± 0.018

B± → DsD(∗)X 0.397 10.5 ± 2.6 0.076 ± 0.019

B0
s → D(∗)

s D(∗)
s 0.107 12+11

−7 0.023 ± 0.017

Bs → DsDX 0.107 15.4 ± 15.4 0.021 ± 0.021

TABLE V: The reconstruction rate of different processes relative to B0
s → µνD(∗)

s . The production

and branching ratios used [5, 10] are also given.

the (µDs) sample is reduced to 2 ± 1% for the RMS=150 µm. In total, we estimated that

the fraction of events in (µDs) coming from B0
s → µνD(∗)

s X is:

f(B0
s → µνD(∗)

s ) = 0.82 ± 0.05. (16)

For the (µφDs) sample the contribution of the following processes were considered:

1. B0
s → D(∗)

s D(∗)
s - the main process;

2. B → D(∗)
s D(∗)

s KX - double-Ds decay of ordinary B mesons;

3. B0
s → D(∗)

s D(∗)
s X - multi-body double charm decays;

4. B0
s → µνD(∗)

s φ;

5. cc̄ → µφD(∗)
s ;

6. B0
s → µνD(∗)

s and a φ meson from fragmentation.

All these processes were simulated using the standard DØ tools and reconstructed using

the same algorithms as for data. There is no experimental information for most of the

processes, therefore their contribution was estimated by counting events in different regions

of the (µφDs) phase space and comparing the obtained numbers with the expected mass

distribution for a given background process.

The mass of the (µφDs) system for the second and third processes is much less than for the

main decay B0
s → D(∗)

s D(∗)
s because of additional non-reconstructed ππ pairs or K mesons,

as can be seen in Fig. 6. The applied cut M(µφDs) > 4.3 GeV/c2 should strongly suppress

them. The contribution of the B0
s → D(∗)

s D(∗)
s X should be much less than B → D(∗)

s D(∗)
s KX

19

B0
s → D(∗)

s D(∗)
s

Nbkg(µφD(∗)
s ) = 2± 2

ε(B0
s → D(∗)

s D(∗)
s )

ε(B0
s → µνD(∗)

s )
= (5.45± 0.08 (stat))%,
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Summary

• Branching fraction measured to be

• Allows an indirect estimate of ∆Γs through

• Consistent with SM prediction 

UTfit recent result (hep-ph 0803.0659)

• Published in PRL 99, 241801 (2007)

14

∆ΓCP
s

Γs
≈ 2Br(B0

s → D(∗)
s D(∗)

s )

∆ΓCP
s

Γs
= 0.079+0.038

−0.035(stat)+0.031
−0.030(syst)

Br(B0
s → D(∗)

s D(∗)
s ) = 0.039+0.019

−0.017 (stat)+0.016
−0.015 (syst)

∆Γs

Γs
= 0.124± 0.056

hep-ph/0612167v3

∆Γs

Γs
= 0.105± 0.049
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Backup
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Systematic Uncertainties

16

Source Uncertainty in Br(B0
s → D(∗)

s D(∗)
s )

Br(Ds → φπ) = 0.044 ± 0.006 +0.006
−0.005

Br(B0
s → µνD(∗)

s ) Br(Ds → φπ) 0.007

Br(Ds → φµν)/Br(Ds → φπ) 0.003

f(B0
s → µνD(∗)

s ) = 0.82 ± 0.05 0.002

Background contribution in N(µφDs) 0.007

Ratio of efficiencies 0.006

Reweighting of MC 0.006

Fitting procedure 0.006

TABLE VI: Systematic uncertainties for the Br(B0
s → D(∗)

s D(∗)
s ).

D∗+ → D0π+ and the obtained value was in a good agreement with the MC estimate. But

this comparison is valid within the uncertainty of branching ratios of different B semilep-

tonic decays, which is about 7%. Therefore we conservatively assigned a 14% systematic

uncertainty (7% for each charged particle, 100% correlated) to the ratio of efficiencies and

propagated it to the final result. It should be mentioned that a more recent study [15] gives

a more precise comparison of efficiency in data and in simulation using the muons from J/ψ

decay and the good agreement is also reported. For the ratio of efficiencies a 15% value is

assigned for the reweighting procedure, which reflects the difference in efficiency between

weighted and unweighted estimates. A 2.6% systematic uncertainty is assigned to the log-

likelihood fitting procedure and was determined from the difference in the fitted number of

events between fixing the fraction of D± events to zero and letting this fraction float in the

fit. Table VI shows all contributions to the systematic uncertainty.

Using these numbers, the preliminary result of this measurement is:

Br(B0
s → D(∗)

s D(∗)
s ) = (0.039+0.019

−0.017(stat) ± 0.014(syst))

(

0.044

Br(Ds → φπ)

)2

. (26)

Using the value from the PDG of Br(Ds → φπ) we get:

Br(B0
s → D(∗)

s D(∗)
s ) = 0.039+0.019

−0.017(stat)+0.016
−0.015(syst). (27)

25
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Background Contributions I

• In both normalisation and signal channels additional 
contributions remain.

• Fit of             sample gave  ~18k events in Ds peak.  
Using MC estimate the fraction of 
in             from composition

• Estimate fraction of                        in sample as

17

(µD(∗)
s )

(µD(∗)
s )

B0
s → D(∗)

s µX

f(B0
s → D(∗)

s µX) = 0.82± 0.05

Process f(b → B) Branching ratio (%) ri

B0 → DsD(∗)X 0.397 10.5 ± 2.6 0.072 ± 0.018

B± → DsD(∗)X 0.397 10.5 ± 2.6 0.076 ± 0.019

B0
s → D(∗)

s D(∗)
s 0.107 12+11

−7 0.023 ± 0.017

Bs → DsDX 0.107 15.4 ± 15.4 0.021 ± 0.021

TABLE V: The reconstruction rate of different processes relative to B0
s → µνD(∗)

s . The production

and branching ratios used [5, 10] are also given.

the (µDs) sample is reduced to 2 ± 1% for the RMS=150 µm. In total, we estimated that

the fraction of events in (µDs) coming from B0
s → µνD(∗)

s X is:

f(B0
s → µνD(∗)

s ) = 0.82 ± 0.05. (16)

For the (µφDs) sample the contribution of the following processes were considered:

1. B0
s → D(∗)

s D(∗)
s - the main process;

2. B → D(∗)
s D(∗)

s KX - double-Ds decay of ordinary B mesons;

3. B0
s → D(∗)

s D(∗)
s X - multi-body double charm decays;

4. B0
s → µνD(∗)

s φ;

5. cc̄ → µφD(∗)
s ;

6. B0
s → µνD(∗)

s and a φ meson from fragmentation.

All these processes were simulated using the standard DØ tools and reconstructed using

the same algorithms as for data. There is no experimental information for most of the

processes, therefore their contribution was estimated by counting events in different regions

of the (µφDs) phase space and comparing the obtained numbers with the expected mass

distribution for a given background process.

The mass of the (µφDs) system for the second and third processes is much less than for the

main decay B0
s → D(∗)

s D(∗)
s because of additional non-reconstructed ππ pairs or K mesons,

as can be seen in Fig. 6. The applied cut M(µφDs) > 4.3 GeV/c2 should strongly suppress

them. The contribution of the B0
s → D(∗)

s D(∗)
s X should be much less than B → D(∗)

s D(∗)
s KX

19

IV. SAMPLE COMPOSITION

To extract the number of B0
s → µνD(∗)

s and B0
s → D(∗)

s D(∗)
s events from equations (6)

and (12), the composition of the selected samples needs to be determined. Since the avail-

able measurements of B0
s → µνD(∗)

s X were semi-inclusive, the processes listed below were

considered as signal and their branching rates were set in the simulation to the following

values:

Br(B0
s → µνDs) = 2.10%

Br(B0
s → µνD∗

s) = 5.60%

Br(B0
s → µνD∗

s0) = 0.20%

Br(B0
s → µνD′

s1) = 0.37%

Br(B0
s → τνD(∗)

s ) Br(τ → µν) = 0.51%

The D∗
s0 and D′

s1 were each decayed to Ds and π0.

The background processes and their reconstruction rates ri relative to the defined above

B0
s → µνD(∗)

s X process are given in Table V. The ri were defined as the ratio of efficiencies

to reconstruct the corresponding processes:

ri =
ε(bb̄ → BY → D(∗)

s DxY ′)

ε(bb̄ → B0
sY → D(∗)

s µνY ′)
,

and were determined using the standard DØ simulation tools followed by the complete event

reconstruction, and applying the same selection criteria as in data. All rates include both the

production and branching ratios. The branching ratios for B → DsD(∗)X and Bs → DsDs

are taken from PDG [5], while there is no experimental information for the Br(B0
s → DsDX)

we used the value provided by EvtGen [10] and assigned a 100% uncertainty to this value.

In addition, the (µDs) sample includes the processes cc̄ → µνDsX, bb̄ → µνDsX, events

with misidentified muon etc. The overall fraction of these processes, referred to as “cc̄” in

the following, was estimated in [11] as 10± 7%. The recent study [12] gives the estimate as

13.4 ± 4.4% for the contribution into the (µDs) final state. These numbers were obtained

for samples without the cut on the visible proper decay length. The distinguishing feature

of cc̄ processes is a small value of the pseudo-proper decay length, which is centred around

zero with the estimate of RMS varying from 80 to 150 µm [11, 13]. In this analysis the cut

L(µDs) > 150µm was applied. With this cut, the estimated contribution of cc̄ processes in
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B0
s → D(∗)

s µX
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Background Contributions II

• Using MC and scaling to data estimate the background 
contribution in the fit result of 
sample.

•                                background events in sample.

18

(µφD(∗)
s )

B0
s → D(∗)

s D(∗)
s K

B0
s → D(∗)

s µφ
NMC(m(µφ) < 1.85)
NMC(m(µφ) > 1.85)

· Ndata(m(µφ) > 1.85) = 1.8 ± 1.5

NMC(m(µφDs) > 4.3)
NMC(m(µφDs) < 4.3)

· Ndata(m(µφDs) < 4.3) = 0.14 ± 0.54

Nbkg(µφD(∗)
s ) = 2± 2
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Selection Criteria

• To reduce background apply number of kinematic and 
topological selection cuts.
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Particle Selection Criterion

All tracks: Number of axial hits in SMT≥ 2

Number of axial hits in CFT≥ 2

Muon: pT > 2 GeV/c

p > 3 GeV/c

nseg ≥ 2

Pion: pT > 1.0 GeV/c

Opposite charge combination (µ±,π∓)

K±: pT > 0.8 GeV/c

φ: Both kaons to have SK > 4, as defined in Eq. (3)

Opposite kaon charge combination

φ from Ds → φπ: 1.01 < m(KK) < 1.03 GeV/c2

φ from Ds → φµ: 0.99 < m(KK) < 1.07 GeV/c2

Ds → φπ: 1.7 < m(φπ) < 2.3 GeV/c

χ2(vertex)< 16

dD
T /σ(dD

T ) > 4

cos(αD
T ) > 0.9

Helicity between Ds and K, | cos(θ)| > 0.35

Ds → φµν 1.2 < m(φµ) < 1.85 GeV/c2

χ2(vertex)< 16

dD
T /σ(dD

T ) > 1

B0
s → µDs: χ2(B vertex)< 16

m(µDs) < 5.2 GeV/c2

dB
T < dD

T or dBD
T < 2 · σ(dBD

T )

L(µDs) = M(Bs) · dB
T /PT (µDs) > 150µm

Iso > 0.6

B0
s → µφDs: χ2(B vertex)< 16

4.3 < m(µφDs) < 5.2 GeV/c2

dB
T < dD

T or dBD
T < 2 · σ(dBD

T )

L(µφDs) = M(Bs) · dB
T /PT (µφDs) > 150µm

Iso > 0.6

TABLE II: Summary of selection criteria used in the final analysis. Nomenclature is defined in

section II.
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