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Bs Oscillations
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Measuring Δms

In order to determine the mixing frequency, there are three 
ingredients to be obtained:

•Flavor at time of decay
➡Final state products

•Flavor at time of production
➡Flavor tagging

•Proper decay time
➡Time dependent analysis
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Flavor Tagging
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Opposite Side (OST)
•Electron tagging
•Muon tagging
•JetQ tagging

Same Side (SST)
•Correlation between 
fragmentation particles 
and flavor of B meson

Bs or Bs at time of production?

• CDF uses a combined same side and opposite side 
tag

⊗ Direction of beam
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Flavor Tagging
• Parameters of tagging

• Dilution: D=1-2p (p is mis-tag rate)

• Tagging Efficiency ε = tagged events/total

• Tagging Power = εD2

• An Example

• D = 40% (Correct tag 70% of the time)

• ε = 5% 

• εD2 ≈ 1%
➡1K typical signal events has “power” of 

10 perfectly tagged events

5



Opposite Side Tagging

lepton+track sample at CDF

Challenges include detector acceptance and 
misidentification (fake leptons, imperfect JQT)
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Same Side Tagging

CDF:  �D2 ≈ 3.7%(4.8%)hadronic(semileptonic)

Fragmentation
•B0/B+ likely accompanied by π+/π-

•Bs likely accompanied by a K+

•need MC to measure D

Strategy
•tune MC using B+ and B0

•use PID to de-weight pions
•very important
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Lifetime Measurement

•Mean proper time resolution 
of 25.9 μm (~90 fs) in hadronic 
decays (worse in semileptonic)
•In the fit, events are weighted 
based on this resolution
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CDF Results

Yield S/B gain

Bs→ Dsπ (φπ) 2000 11.3 13%

Partially recon 3100 3.4 n.a.

Bs → Dsπ (K* K) 1400 2.0 35%

Bs → Ds π (3π) 700 2.1 22%

Bs → Ds3π (φ π) 700 2.7 92%

Bs → Ds3π (K*K) 600 1.1 110%

Bs → Ds3π (3π) 200 2.6 n.a.

Total 8700

Hadronic Yields

These fully reconstructed decays provide the most 
statistical weight to the measurement
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CDF Results

•Semileptonic yields are 
much greater ~67K events in 
all channels
•But we miss the neutrino, 
which hurts our momentum 
resolution
•Which hurts our proper 
decay time resolution
•More events, but much less 
powerful

Semileptonic Yield
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CDF Results

∆ms = 17.77± 0.10(stat)± 0.07(syst)ps−1

Semileptonic Hadronic

Combined

Sensitivity = 19.4 ps-1

Semileptonic

Sensitivity = 31.3 ps-1

Sensitivity = 28.3 ps-1

•Perform likelihood fit of A 
each fixed ∆ms value 
•If D is correct,  A = 1

P (t) = (1 +AD cos (∆mst)) e
−ct
cτ
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D∅ Results
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TABLE III: Correlations among systematic errors in the individual analysis modes. For a given systematic, those entries

marked with a “�“ were assumed to be 100% correlated in the combination. Those entries marked with “–” indicate existing

systematics for which no correlation is assumed, while blank entries correspond to a negligible systematic estimated for that

mode.

eφπ µK∗K µφπ πφπ µKSK
Description Name IIa IIb IIa IIb IIa IIb IIa+b IIa
DsDs contrib. uncertainty B0

s → DsDs = 4.7% � � � � � � �
Dsµ contrib. uncertainty B0

s → DsµνX = 5.5% � � � � � � �
DsD contrib. uncertainty B0

s → DsD � �
use PDG Bs lifetime cτBs = 438µm � � �
OST dilution uncertainty

a
dilution � � � � � � � �

Resolution SF in signal
b sfsig � – – – – �

– � – � – –

Frac. of 1st Gaussian in signal FG1 – –

Non-zero ∆Γ/Γ ∆Γ/Γ � �
aDilution systematics were considered correlated among all channels. (All channels used the same variation for the OST.) Since the µφπ

channel also used the SST its correlation with the others is large, but not 100%. We approximated it with 100%.
bThe RunIIa VPDL resolution systematic was considered to be 100% correlated between the eφπ and µKSK channels, which both used

an average resolution scale factor derived from the same RunIIa J/ψ data set. Note that no resolution systematic was quoted for the

µK∗K channel, while the RunIIa µφπ channel used event-by-event scale factors.

Also note that resolutions systematics were derived independently for the πφπ channel and hence were uncorrelated.

The RunIIb VPDL resolution systematic was considered to be 100% correlated between the eφπ and µφπ channels, which both used an

average resolution scale factor derived from the same RunIIb J/ψ data set.
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FIG. 2: The combined amplitude scan.

TABLE IV: Sensitivities at the 95% C. L., defined from the amplitude scans for each analysis mode separately and for the

combined result.

95% C.L. Sensitivity (ps−1)
Decay Mode RunIIa RunIIb RunIIa+b
eφπ 8.9 6.0 10.0

µK∗K 11.3 12.0 15.2

µφπ 19.7 19.3 23.9

µKSK 2.0

Semi-Leptonic 20.5 21.5 25.4

πφπ 14.0

Full Combination 27.3
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III. SUMMARY

We have presented the method used to combine searches for Bs oscillations at DØ. Using Bs→eνDs(φπ)X,
Bs→µνDs(K∗K)X, Bs→µνDs(φπ)X, and Bs→πDs(φπ)X candidates in ∼2.4 fb−1 of data and Bs→µνDs(KSK)X
candidates in ∼1.2 fb−1 of data, we find a preliminary value for the Bs oscillation frequency:

∆ms = 18.53 ± 0.93(stat) ± 0.30(syst) ps−1.

This corresponds to a significance of ∼2.9σ, calculated from the depth of the ∆ lnL curve at the minimum.

[1] see: http://www.slac.stanford.edu/xorg/hfag/osc/index.html

[2] The DØ Collaboration, “Measurement of the Flavor Oscillation Frequency of B0
s Mesons at DØ”, DØ Note 5474, Aug. 2007.

[3] The DØ Collaboration, “A Search for B0
s Oscillations Using B0

s →DsµX(Ds→K0
SK) Decays”, DØ Note 5254, Oct. 2006.

[4] COMBOS ver. 3.22, http://lepbosc.web.cern.ch/LEPBOSC/combos/
COMBOS manual: http://www.slac.stanford.edu/xorg/hfag/docs/

[5] http://hep.physics.indiana.edu/~hgevans/analysis/hfag/
[6] H.G. Moser and A. Roussarie, Nucl. Instrum. and Methods A384, 491 (1997).

5

TABLE III: Correlations among systematic errors in the individual analysis modes. For a given systematic, those entries

marked with a “�“ were assumed to be 100% correlated in the combination. Those entries marked with “–” indicate existing

systematics for which no correlation is assumed, while blank entries correspond to a negligible systematic estimated for that

mode.

eφπ µK∗K µφπ πφπ µKSK
Description Name IIa IIb IIa IIb IIa IIb IIa+b IIa
DsDs contrib. uncertainty B0

s → DsDs = 4.7% � � � � � � �
Dsµ contrib. uncertainty B0

s → DsµνX = 5.5% � � � � � � �
DsD contrib. uncertainty B0

s → DsD � �
use PDG Bs lifetime cτBs = 438µm � � �
OST dilution uncertainty

a
dilution � � � � � � � �

Resolution SF in signal
b sfsig � – – – – �

– � – � – –

Frac. of 1st Gaussian in signal FG1 – –

Non-zero ∆Γ/Γ ∆Γ/Γ � �
aDilution systematics were considered correlated among all channels. (All channels used the same variation for the OST.) Since the µφπ

channel also used the SST its correlation with the others is large, but not 100%. We approximated it with 100%.
bThe RunIIa VPDL resolution systematic was considered to be 100% correlated between the eφπ and µKSK channels, which both used

an average resolution scale factor derived from the same RunIIa J/ψ data set. Note that no resolution systematic was quoted for the

µK∗K channel, while the RunIIa µφπ channel used event-by-event scale factors.

Also note that resolutions systematics were derived independently for the πφπ channel and hence were uncorrelated.

The RunIIb VPDL resolution systematic was considered to be 100% correlated between the eφπ and µφπ channels, which both used an

average resolution scale factor derived from the same RunIIb J/ψ data set.

)-1 (pssm!
0 5 10 15 20 25 30

A
m

pl
itu

de

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5
 (tot)" 1 ±data 

 (stat)" 1.645 ±data 
 (tot)" 1.645 ±data 

 (tot)-1sensitivity: 27.3 ps

-1 L dt = 2.4 fb# RunII Preliminary: $D
March 5, 2008

FIG. 2: The combined amplitude scan.

TABLE IV: Sensitivities at the 95% C. L., defined from the amplitude scans for each analysis mode separately and for the

combined result.

95% C.L. Sensitivity (ps−1)
Decay Mode RunIIa RunIIb RunIIa+b
eφπ 8.9 6.0 10.0

µK∗K 11.3 12.0 15.2

µφπ 19.7 19.3 23.9

µKSK 2.0

Semi-Leptonic 20.5 21.5 25.4

πφπ 14.0

Full Combination 27.3

�D2 = 2.48± 0.21(stat)+0.08
−0.06(syst)%

cos’! ~p‘orSV; ~pB"< 0:8, where ~pB is the reconstructed
three-momentum of the B0

s meson, and ’ is the azimuthal
angle about the beam axis. A lepton jet charge was formed
as Q‘

J #
P

iqipi
T=
P

ipi
T , where all charged particles are

summed, including the lepton, inside a cone of !R #!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!’"2 $ !!!"2

p
< 0:5 centered on the lepton. The SV

charge was defined as QSV # P
i!qipi

L"0:6=
P

i!pi
L"0:6,

where all charged particles associated with the SV are
summed, and pi

L is the longitudinal momentum of track i
with respect to the direction of the SV momentum. Finally,
event charge is defined as QEV # P

iqipi
T=
P

ipi
T , where

the sum is over all tracks with pT > 0:5 GeV=c outside a
cone of !R> 1:5 centered on the B0

s direction. The PDF of
each discriminating variable was found for b and "b quarks
using a large data sample of B$ ! "$# "D0 events where
the initial state is known from the charge of the decay
muon.

For an initial b ( "b) quark, the PDF for a given variable xi
is denoted fbi !xi" [f "b

i !xi"], and the combined tagging vari-
able is defined as dtag # !1% z"=!1$ z", where z #Qn

i#1 !f
"b
i !xi"=fbi !xi"". The variable dtag varies between

%1 and 1. An event with dtag > 0!<0" is tagged as a b
( "b) quark.

The OST purity was determined from large samples of
B$ ! "$ "D0X (nonoscillating) and B0

d ! "$D&%X
(slowly oscillating) semileptonic candidates. An average
value of $D2 # '2:48( 0:21!stat"$0:08

%0:06!syst")% was ob-
tained [11]. The estimated event-by-event dilution as a
function of jdtagj was determined by measuring D in
bins of jdtagj and parametrizing with a third-order poly-
nomial for jdtagj< 0:6. For jdtagj> 0:6, D is fixed to 0.6.

The OST was applied to the B0
s ! "$D%

s X data sample,
yielding Ntag # 5601( 102!stat" candidates having an
identified initial state flavor, as shown in Fig. 1(b). The
tagging efficiency was !20:9( 0:7"%.

After flavor tagging, the proper decay time of candidates
is needed; however, the undetected neutrino and other
missing particles in the semileptonic B0

s decay prevent a

precise determination of the meson’s momentum and
Lorentz boost. This represents an important contribution
to the smearing of the proper decay length in semileptonic
decays, in addition to the resolution effects. A correction
factor K was estimated from a Monte Carlo (MC) simula-
tion by finding the distribution of K # pT!"$D%

s "=pT!B"
for a given decay channel in bins of M!"$D%

s ". The proper
decay length of each B0

s meson is then ct!B0
s" # lMK,

where lM # M!B0
s" * ! ~LT * ~pT!"$D%

s ""=!pT!"$D%
s ""2 is

the measured visible proper decay length (VPDL), ~LT is
the vector from the PV to the B0

s decay vertex in the
transverse plane and M!B0

s" # 5:3696 GeV=c2 [1].
All flavor-tagged events with 1:72<M!K$K%%%"<

2:22 GeV=c2 were used in an unbinned fitting procedure.
The likelihood, L, for an event to arise from a specific
source in the sample depends event-by-event on lM, its
uncertainty &lM , the invariant mass of the candidate
M!K$K%%%", the predicted dilution D!dtag", and the
selection variable ysel. The PDFs for &lM , M!K$K%%%",
D!dtag", and ysel were determined from data. Four sources
were considered: the signal "$D%

s !! '%%"; the accom-
panying peak due to "$D%!! '%%"; a small (less than
1%) reflection due to "$D%!! K$%%%%", where the
kaon mass is misassigned to one of the pions; and combi-
natorial background. The total fractions of the first two
categories were determined from the mass fit of Fig. 1(b).

The "$D%
s signal sample is composed mostly of B0

s
mesons with some contributions from B0

d and B$ mesons.
Contributions of b baryons to the sample were estimated to
be small and were neglected. The data were divided into
subsamples with and without oscillation as determined by
the OST. The distribution of the VPDL l for nonoscillated
and oscillated cases was modeled appropriately for each
type of B meson, e.g., for B0

s :
 

pnos=osc
s !l; K; dtag" #

K
c(B0

s

exp
"
% Kl
c(B0

s

#

+ '1(D!dtag" cos!!msKl=c")=2:
(1)

The world averages [1] of (B0
d
, (B$ , and !md were used as

inputs to the fit. The lifetime, (B0
s
, was allowed to float in

the fit. In the amplitude and likelihood scans described
below, (B0

s
was fixed to this fitted value, which agrees with

expectations.
The total VPDL PDF for the "$D%

s signal is then the
sum over all decay channels, including branching frac-
tions, that yield the D%

s mass peak. The B0
s ! "$D%

s X
signal modes (including D&%

s , D&%
s0 , and D0%

s1 ; and "$

originating from ($ decay) comprise !85:6( 3:3"% of
our sample, as determined from a MC simulation which
included the PYTHIA generator v6.2 [12] interfaced with the
EVTGEN decay package [13], followed by full GEANT v3.15
[14] modeling of the detector response and event recon-
struction. Other backgrounds considered were decays via
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FIG. 1 (color online). !K$K%"%% invariant mass distribution
(a) for the untagged B0

s sample, and (b) for candidates that have
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CDF Projections
•With the 5σ 
measurement of Δms, CDF 
uses Bs oscillations to 
calibrate the SSKT. 
•Yield should scale by 
about 0.8 times per fb-1 

(trigger prescales at higher 
instantaneous luminosities 
means fewer events)
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FIG. 1: Projections into invariant mass for all decay channels.

Afterwards a simultaneous fit for mixing frequency and amplitude is performed. Here the following results are acquired
for the Same Side Kaon Tagger:

∆ms = (17.79 ± 0.07) ps−1 (10)

A = 0.94 ± 0.15 (11)

The uncertainties of the three results presented above are statistical only. The value on the amplitude is consistent
within one standard deviation with the optimal value of 1.0. The obtained mixing frequency is in agreement with the
previous CDF-II measurement. In comparison, its statistical uncertainty improved by 30 %. Based on the integrated
luminosity one would naively expect a smaller value here. However this is not the case because in the previous
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CDF Projections

7

Decay Channel S B S/B S/
√

S + B
B0

s → D−

s π+, D−

s → φπ− 5613 ± 75 1070 ± 33 5.25 ± 0.17 68.66 ± 0.70
B0

s → D−

s π+, D−

s → K∗K− 2761 ± 53 1619 ± 40 1.71 ± 0.05 41.72 ± 0.74
B0

s → D−

s π+, D−

s → (3π)− 2652 ± 52 3533 ± 59 0.75 ± 0.02 33.72 ± 0.68
B0

s → D−

s (3π)+, D−

s → φπ− 1852 ± 43 695 ± 26 2.66 ± 0.12 36.69 ± 0.73

Sum 12877 ± 113

TABLE I: Estimated number of signal events (S), background events (B), ratio of signal to background (S/B) and significance
(S/

√
S + B) for all four B0

s decay channels. A data amount corresponding to an integrated luminosity of 5.2 fb−1 was hereby
used. The evaluation was done inside the signal range, chosen from 5.32 GeV/c2 to 5.42 GeV/c2. For signal and background,
the square root of the value is used as uncertainty. All other uncertainties are derived by Gaussian error propagation neglecting
correlations.

measurement a combination of Same Side Kaon Tagger and Opposite Side Tagger was employed. Furthermore the
tendency of the Tevatron to run at higher instantaneous luminosities is a disadvantage for the triggers used within
this analysis. Therefore a doubling of the integrated luminosity does not necessarily imply a doubling of the available
candidates.

VII. SYSTEMATIC UNCERTAINTIES ON THE AMPLITUDE

The following sources of systematic uncertainties on the mixing amplitude are considered:

• It is known from several studies that the measured proper decay time resolution is underestimated at the
CDF-II experiment [6]. Therefore a resolution scaling technique is employed for the study at hand: each value
is multiplied by the pseudo-rapidity-dependent function s(η), which is derived using simulated events. Its mean
value is approximately 1.38. In order to evaluate the systematic effect of this scaling technique on the amplitude,
it is replaced by a constant function with a mean value of 1.29. As a consequence, the measured amplitude is
reduced by 0.11. This value is added to the list of systematic uncertainties.

• It can be seen from equation 7, that the proper decay time resolution is assumed as Gaussian. Earlier mea-
surements showed that the sum of two Gaussians with different standard deviations give a better description.
Therefore 1000 simulated experiments are used to examine the extend of this simplification on the measured
amplitude. The simulated data hereby considers the refined model, the fit function does not. The obtained
amplitude shows a deviation of 0.06 which is taken as systematic uncertainty.

• A given B0
s may not only go into D−

s K+, but also into D+
s K−. While both processes are Cabibbo suppressed,

the former is expected to occur more often [7]. Consequences of the presence of the latter, charge conjugated
final state are evaluated by completely removing tagging information for the Cabibbo reflection. A change of
0.03 is observed for the mixing amplitude and used as systematic uncertainty.

• The actual fraction of Cabibbo suppressed decays enters with Gaussians constraint during the unbinned max-
imum likelihood fit. A deliberate increase of that fraction had no effect on neither mixing frequency nor
amplitude.

• The fit function, given in equation 7, does not take into account effects of the decay width difference ∆Γ in the
B0

s system. This neglection is studied using 1000 simulated experiments, which are generated with an assumed
value of ∆Γ/Γ = 0.12. The fit function is retained as it is. The absolute deviation observed is smaller than 0.01.

• As a test the measurement of mixing frequency and amplitude is repeated with different values for the mean
lifetime. The reason for doing this is to evaluate consequences of a wrong lifetime measurement. However
variations of the mean lifetime between 420 µm and 490 µm have no effect on neither mixing frequency nor
amplitude.

• As mentioned above, a Λb reflection is present in some decay channels. In the tagging quantities, the same
template is used for it as for the signal. The actual size and location of that reflection makes it hard to check if
this modelling is appropriate. However its effect on the actual result can be determined by replacing it by the
distribution derived for the combinatorial background. In doing so the same result is obtained as above.

• Variations of the mass window used in the unbinned fit or the choice of the upper side band did not have any
effects on the mixing amplitude as well.
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FIG. 1: Projections into invariant mass for all decay channels.

Afterwards a simultaneous fit for mixing frequency and amplitude is performed. Here the following results are acquired
for the Same Side Kaon Tagger:

∆ms = (17.79 ± 0.07) ps−1 (10)

A = 0.94 ± 0.15 (11)

The uncertainties of the three results presented above are statistical only. The value on the amplitude is consistent
within one standard deviation with the optimal value of 1.0. The obtained mixing frequency is in agreement with the
previous CDF-II measurement. In comparison, its statistical uncertainty improved by 30 %. Based on the integrated
luminosity one would naively expect a smaller value here. However this is not the case because in the previous

•Measurement performed 
without OST, partially 
reconstructed decays, 
semileptonic events
•Full measurement won’t be 
much better (most powerful 
events used here)
•But with added statistics, will be 
in systematic dominated regime 

Stat only

σsyst ≈ 0.07ps−1
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hadrons containing b and b̄ quarks at the LHC.

several redundancy measurements to be made of the
angle γ. This will be further discussed in Section 5.

3. THE LHCb EXPERIMENT:
INSTRUMENTATION AND TECHNIQUES

The LHCb detector is shown schematically in
Fig. 3. The experiment runs in pp collider mode and is
a single-arm spectrometer, designed to maximize the
efficiency for detecting forward-going bb̄ hadrons. The
correlation of the polar angles of B and B̄ hadrons,
defined with respect to the LHC beam direction in
the pp center-of-mass (CM) system, is shown in
Fig. 4. The detector covers a forward angular aperture
between approximately 10 and 250 mrad (300 mrad)
in the nonbending (bending) plane and hence exploits
this sharply peaked forward–backward bb̄-production
cross section. LHCb runs at a tuned LHC luminosity
of 2 × 1032 cm−2 s−1, which maximizes the number
of single interactions per beam crossing and keeps
radiation damage to the detector at a tolerable level.
At this luminosity, an unprecedented source of B
hadrons will be produced. The expected bb̄ cross sec-
tion at a 14-TeV CM energy is 500 µb (which is to be
compared with the inelastic cross section of ∼80 mb),
giving 1012 produced bb̄ pairs per year (107 s) at
2 × 1032 cm−2 s−1. Vital experimental attributes of
LHCb include efficient π/K identification, excellent
decay-time resolution, and photon detection. A de-
tailed description of the individual detector compo-
nents and technologies can be found in the Technical
Proposal (TP) [11] and subsequent documents [12].
A brief overview is given below.

A warm dipole magnet gives a ∼4 T m field
integral [13] which is centered at z ∼ 5 m.

The vertex locator (VELO) is installed inside
the vacuum tank at the interaction region [14]. There
are 21 stations of single-sided silicon strip detectors
which are 220 µm thick and arranged into indepen-
dent r and φ planes, having 170 k readout channels
in total. The detector is an integral component of the
Level-1 trigger, which dictates the choice of the r−φ
geometry. The VELO is crucial in all time-dependent
CP violation studies. Good vertex and proper-time
resolution is essential in rejecting background and in
the study of B0

s−B̄0
s oscillations. The proper time of

B decays, tB = mL/pc, where m and p are the B
mass and momentum respectively, is measured via
the decay length L, typically ∼1 cm in LHCb. Typical
proper-time resolutions of 40 fs (B̄0

s → D−
s π+) and

30 fs (B0
s → J/ψφ) are achieved.

The tracking system has four stations. The up-
stream station (TT) consists of 2 × 2 planes of silicon
microstrips. The downstream stations (T1−T3) have
inner [15] and outer [16] regions which are segmented
to maintain channel occupancies always below 10%.
The inner stations use all-silicon microstrip tech-
nology, whereas the outer regions are equipped with
5-mm straw tubes. Full pattern recognition has been
implemented with a track finding efficiency better
than 95% for B-decay tracks. The tracking system
and dipole magnet allow momenta measurements of
∆p/p of ∼0.4%, giving an excellent mass resolution,
e.g., ∼14 MeV/c2 for the B mass in the B0

s → DsK
decay mode. This provides a powerful background
suppression in the reconstruction of final states.

Two RICH detectors provide 2σ π/K separation
over the momentum range 1–100 GeV/c (3σ over
the range 3–80 GeV/c) [17]. Two RICH detectors are
necessary to cover the full kinematic range. RICH1
is a combined C4F10 gas and aerogel device sited
upstream of the magnet, and RICH2 is a CF4 gas
device sited downstream of the magnet. The particle
identification provided by the RICH detectors is cru-
cial, firstly by reducing backgrounds in selected final
states and secondly by providing an efficient flavor tag
(using kaons) of B or B̄. The power of the particle
identification in reducing background in B0

d → π+π−

events is demonstrated in Fig. 5, showing the signal
before and after the particle identification criteria are
applied. The purity and efficiency of the particle iden-
tification selection for this channel are 84 and 90%,
respectively.

Electromagnetic and hadron calorimeters
provide electron, photon, and hadron identification
over most of the energy range and are crucial for
triggering [18]. The ECAL is a Shashlik type with
a preshower, and which provides a hadronic trigger.

PHYSICS OF ATOMIC NUCLEI Vol. 71 No. 4 2008

Lots of forward B mesons 
that are lost in a central 

detectors like CDF and D∅
(N. Harnew, Physics of Atomic Nuclei, 2008, Vol. 71,No. 4, pp568-604) 
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Fig. 14. The leading-order penguin diagram for B0
d →

π+π− decays.

promising. A time-dependent Dalitz plot analysis
of B0

d → π+π−π0 permits extraction of α via an
11-parameter fit, along with transition amplitudes
and strong phases [24]. The annual yield for LHCb
in this channel is 14 k events per year with a signal-
to-background ratio of ∼1. A statistical precision on
α achievable in one year is σ(α) ∼ 10◦.

5.3. Bs Mixing, ∆ms and the Weak Mixing Phase

5.3.1. Measurement of ∆msmsms. As discussed in
Section 4.2, the B0

s and B̄0
s naturally mix through

the standard box diagram, shown in Fig. 7. The time
evolution of the B0/B̄0 flavor content is given by
Eqs. (11) and (12). Bs mixing is especially interesting
because the mechanism is in principle sensitive to
new heavy exchanges which participate in the loop
diagram. A measurement, via mixing, of the mass
difference ∆ms also provides a measurement of the

third side of the triangle,
Vtd

λVcb
, shown in Fig 1. Here,

Vtd is measured from the expression

|Vtd|
|Vts|

= 1.01ξ
√

∆md

∆ms
, (16)

where systematic errors largely cancel in the ratio and
where ξ is calculated from the lattice with a theo-
retical error of ∼5−10%. CDF and D0 have recently
observed Bs oscillations [25, 26], with ∆ms measure-
ments of
∆ms = 17.31+0.33

−0.18(stat.) ± 0.07(syst.) ps−1 (CDF)
and

17 < ∆ms < 21 ps−1 at the 90% C.L.(D0).

The best measurement of Bs oscillations at LHCb
is in the mode B0

s → D−
s π+ and the charge-conjugate

state. The oscillations are shown after one year of
data taking in Fig. 15 for ∆ms = 15 and 25 ps−1.
The plot shows the proper-time distribution of simu-
lated B0

s → D−
s π+ candidates that have been flavor-

tagged as having not oscillated. A total of 80 k
selected events are expected in this channel. The
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Fig. 15. Proper-time distribution of simulated B0
s →

D−
s π+ candidates that have been flavor-tagged as hav-

ing not oscillated, for two different values of ∆ms. The
data points represent one year of data, while the curves
correspond to the fitted oscillations.

mistag fraction, vertex resolution, background and
acceptance effects smear and dilute the observed
oscillations, and control of these parameters is vitally
important.

Measurement using B0
s → D−

s π+ decays gives a
precision on ∆ms of ∼0.01 ps−1. Had B0

s oscillations
not been observed at the Tevatron, a 5σ observation of
Bs oscillations would have been possible up to ∆ms

of 68 ps−1 in one year.

5.3.2. The BsBsBs weak mixing phase 2χ. The ex-
pectation is that new physics will manifest itself by
modifying CP-violating phases, of which the “weak
mixing phase” 2χ is a good example. It can be seen
from Fig. 7 that Vts appears twice in the Bs−B̄s
mixing process; hence, from Eq. (5), the mixing pro-
cess introduces a relative CP-violating phase of 2χ to
fourth order in λ (cf. the Bd mixing which introduces
a phase 2β to third order).

The Bs weak phase is measured in the channel
B0

s → J/ψφ. This decay is governed by a single tree-
level diagram, Fig. 16, and the penguin contribution
is expected to be negligible. The overall phase of
the CKM matrix elements which contribute to each
vertex is zero; hence, this is the strange-quark analog
of the golden mode B0

d → J/ψK0
S . CP asymmetry

arises from the interference of the B0
s → J/ψφ with

the mixed process B0
s → B̄0

s → J/ψφ, also illustrated
in Fig. 16. Hence, in an analogous way to the B0

d →
J/ψK0

S decay, the asymmetry measures the phase of
Bs mixing, 2χ. In the Standard Model, 2χ is expected

PHYSICS OF ATOMIC NUCLEI Vol. 71 No. 4 2008

•High yield and excellent 
PID gives LHCb some 
advantages
•εD2 = 8.7%
•σct=40fs
•Triggered Yield = 264K
•B/S = 0.6
•These are “optimistic” 
projections

•σΔms ∼ 0.003 ps-1 (stat) 
from 1fb-1 at √s = 7 TeV
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promising. A time-dependent Dalitz plot analysis
of B0

d → π+π−π0 permits extraction of α via an
11-parameter fit, along with transition amplitudes
and strong phases [24]. The annual yield for LHCb
in this channel is 14 k events per year with a signal-
to-background ratio of ∼1. A statistical precision on
α achievable in one year is σ(α) ∼ 10◦.
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evolution of the B0/B̄0 flavor content is given by
Eqs. (11) and (12). Bs mixing is especially interesting
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new heavy exchanges which participate in the loop
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mistag fraction, vertex resolution, background and
acceptance effects smear and dilute the observed
oscillations, and control of these parameters is vitally
important.

Measurement using B0
s → D−

s π+ decays gives a
precision on ∆ms of ∼0.01 ps−1. Had B0

s oscillations
not been observed at the Tevatron, a 5σ observation of
Bs oscillations would have been possible up to ∆ms

of 68 ps−1 in one year.

5.3.2. The BsBsBs weak mixing phase 2χ. The ex-
pectation is that new physics will manifest itself by
modifying CP-violating phases, of which the “weak
mixing phase” 2χ is a good example. It can be seen
from Fig. 7 that Vts appears twice in the Bs−B̄s
mixing process; hence, from Eq. (5), the mixing pro-
cess introduces a relative CP-violating phase of 2χ to
fourth order in λ (cf. the Bd mixing which introduces
a phase 2β to third order).

The Bs weak phase is measured in the channel
B0

s → J/ψφ. This decay is governed by a single tree-
level diagram, Fig. 16, and the penguin contribution
is expected to be negligible. The overall phase of
the CKM matrix elements which contribute to each
vertex is zero; hence, this is the strange-quark analog
of the golden mode B0

d → J/ψK0
S . CP asymmetry

arises from the interference of the B0
s → J/ψφ with

the mixed process B0
s → B̄0

s → J/ψφ, also illustrated
in Fig. 16. Hence, in an analogous way to the B0

d →
J/ψK0

S decay, the asymmetry measures the phase of
Bs mixing, 2χ. In the Standard Model, 2χ is expected
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Current State
∆md

∆ms
=

mBd

mBs

1

ξ2

����
Vtd

Vts

����
2

ξ = 1.21+0.047
−0.035(M.Okamoto, hep− lat/0510113)

mBd

mBs

= 0.983± 0.001(PDG, 2009)

∆md = 0.507± 0.005(PDG, 2009)

����
Vtd

Vts

���� = 0.2060± 0.0007(exp)+0.0081
−0.0060(theo)

Recent Example of a CKM fit

(For example)
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Summary
• CDF and D∅ have directly measured Δms

• CDF should be able to produce a result 
that is limited by systematics to a precision 
of 0.07ps-1

• LHCb is predicting a measurement with 
precision on the order of 0.003ps-1 on a 
relatively short time scale

• Any advances from theory will further 
constrain |Vtd|/|Vts| 
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