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The ATLAS B-physics programme

• Five main strands

‣ Understanding the detector 
performance (alignment/tracking/trigger) 
using well understood B-decays

‣ Measurement of production cross 
sections for B-hadrons and onia (J/ψ,ϒ) 
to test QCD predictions for pp 
collisions at the LHC

‣ Studies of the properties of the 
complete B-meson family (B+, Bs, Bc, Λb + 
h.c.)

‣ Precise measurements of weak B-hadron 
decays to search for BSM CP-violating 
effects 

‣ Searches for rare B-decays (such as 
Bs→μμ)
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∫ℒ Activity

<10 pb-1
Validation of ID/trigger performance and 

alignment, data quality monitoring with J/ψ 
and ϒ 

20-200 pb-1
Continuing performance studies; 

measurement of bb→J/ψ,
pp→J/ψ, and B+→J/ψK+ cross section ratios

200 pb-1 

-1 fb-1

Collect larger numbers of the main B-
decays; start to contribute to world 

averages on B-hadron properties; start to 
set limits on rare decay branching ratios

1-30 fb-1
Searches for new CP-violation in weak 

decays of B-mesons; rare decay searches; 
onia and Λb polarization studies;

>30 fb-1 “High” LHC luminosity - main period for 
rare dimuon decay searches
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Triggers for B-physics di-muon events
• Many B-physics channels of interest involve a di-muon signature, e.g. B→J/ψ(μμ)X, b→sμμ, B→μμ etc

• Muons from B-decays typically have rather low momenta (often <10 GeV)

• The most effective trigger for such events uses the di-muon signature from the lowest trigger level. This is 
the strategy deployed for ATLAS B-physics

‣ If a single muon trigger is used we must either pre-scale or raise the threshold, to keep the rate to an 
acceptable level. This would have serious implications for efficiency

3

• Two main di-muon approaches: 

‣ Topological di-muon trigger (main B-physics data taking phase)

• Two muons at level 1 with separate regions of interest (RoI); these muons then 
combined at L2 to generate an invariant mass / vertex fit which cuts are applied

‣ TrigDiMuon (early data)

• One muon at level 1, then widen RoI at L2 and search for a second muon; 
invariant mass cut then applied. Search for second muon candidate in the inner 
detector tracks and then confirm in muon detectors

• These efficient, fast and clean di-muon triggers will enable ATLAS B-physics studies to 
continue throughout the life of the LHC

Topological di-muon trigger 
(2 RoI; 2 L1 muons)

TrigDiMuon 
(1 RoI; 1 L1 muon)
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Introduction to Bs→J/ψϕ and Bd→J/ψK0* 4
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u, c, tū, c̄, t̄

b̄

s

s̄

b

W W

u, c, t

ū, c̄, t̄
b̄

s

s̄

b

• The channel Bs→J/ψϕ is a promising indirect route to New Physics

‣ “Weak mixing phase” ϕs has been calculated in the SM and is very small 
(-0.0368±0.0018) but may be enhanced by BSM processes

• The time-dependent angular distribution of this decay depends on 7 physics 
parameters: 2 independent complex transversity amplitudes, mean lifetime and 
mass eigenstate width difference (ΔΓ), weak mixing phase

• The analysis ultimately will involve a fit to these parameters, and is sensitive to 

‣ statistics, experimental resolutions of lifetime, mass and decay angles

‣ flavour tagging performance, background rejection

• Early statistics do not permit the full fit - e.g. in D0/CDF a few thousand signal 
events allowed a 2-dimensional profile likelihood fit in the ϕs-ΔΓ plane. At the 
full LHC potential the simultaneous determination of all 7 parameters will be 
possible

• With small integrated luminosities, the ATLAS programme will begin with 
calibration measurements supporting this analysis

• The topologically identical Bd→J/ψK0* (15x greater statistics) is the primary 
background and is also essential as a control channel

‣ High precision tests of lifetime measurement systematics

‣ Flavour tagging calibration

J/ψ (µµ) φ (KK)
B0

s

B̄0
s
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Bs→J/ψϕ and Bd→J/ψK0* with early data 5
• With the earliest data ATLAS will use a fit to simultaneously access the mean mass and lifetimes 

of the Bs and Bd mesons

• This will enable sensitive tests of our understanding of the tracking pt scale after 150 pb-1, and 
will start to improve world precisions on these measurements after about 1 fb-1  

• Early on, topologically similar backgrounds will be admitted to the analysis and secondary vertex 
cuts will not be applied

• After 10 pb-1 the precision on the Bd lifetime will be 10%  and similar precision for the Bs mean 
lifetime will be available after 150 pb-1

Parameter
Bd→J/ψK0* after 10 pb-1Bd→J/ψK0* after 10 pb-1 Bs→J/ψϕ after 150 pb-1Bs→J/ψϕ after 150 pb-1

Parameter
Simulated value Fit result + st error Simulated value Fit result + st error

Mean lifetime Γ, ps-1 0.651 0.73 ± 0.07 0.683 0.743 ± 0.051

Mean mass m, GeV 5.279 5.284 ± 0.006 5.343 5.359 ± 0.006

Lifetime resolution σ, ps 0.132 ± 0.004 0.152 ± 0.001

Mass resolution σB, GeV 0.054 ± 0.006 0.061 ± 0.006

nsig/N 0.16 0.155 ± 0.006 0.018 0.031 ± 0.005

nbck1/N 0.062 0.595 ± 0.017 0.397 0.379 ± 0.006
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ATLAS flavour tagging performance
• After about 1 fb-1 it will be possible to extract interesting parameters from the Bs→J/ψϕ decays

‣ FLAVOUR TAGGING (attempting to determine whether the decay is from a Bs or an anti-Bs) is 
an essential part of this decay. Bs→J/ψϕ is not self-tagging

‣ In ATLAS, the best flavour tagging performance for Bs→J/ψϕ is obtained using the jet charge 
tagging algorithm, which is a “same side” tag

‣ Utilize correlations between the original quark flavour and momenta, and the charge and 
momenta of the fragmentation products (jet charge tagging)

• Calibration of the jet-charge tag will be done with the self-tagging reference channel Bd→J/ψK0*, 
and will validate Monte Carlo models for fragmentation

‣ Validated Monte Carlo will be used to determine the tagger quality for Bs→J/ψϕ

6

Tuned jet charge tagger performanceTuned jet charge tagger performanceTuned jet charge tagger performance

Parameter Bd→J/ψK0* Bs→J/ψϕ
Luminosity 150 pb-1 1.5 fb-1

Tag Efficiency 0.870 ± 0.003 0.625 ± 0.005

Wrong tag fraction 0.380 ± 0.004 0.374 ± 0.005

Dilution 0.240 ± 0.009 0.251 ± 0.010

Quality 0.050 ± 0.004 0.039 ± 0.003
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Summary of performance for Bs→J/ψϕ with 30fb-1 7

Bs→J/ψϕBs→J/ψϕBs→J/ψϕBs→J/ψϕ

Luminosity 30 fb-1 (≈3 years) Signal proper time 
resolution 83 fs 

Statistics ~240 000 J/ψ trigger efficiency wrt 
Monte Carlo 72%

Offline J/ψ→μμ candidate 
cuts  

2 oppositely charged inner 
detector tracks matched 

with muons, pt> {6,4} GeV 
fitting to common vertex 

χ2<6; 
Mμμ∈±3σ, σ=58 MeV

Offline ϕ→KK candidate 
cuts  

2 oppositely charged inner 
detector tracks not 

matched with muons, pt> 
0.5 GeV fitting to common 

vertex χ2<6; 
1009.2<MTT<1029.6 MeV

Offline 
Bs→ J/ψ(μμ) ϕ(KK) 

candidate cuts  

4 tracks from J/ψ,ϕ 
candidates fitting to 

common vertex χ2<10; 
resultant pt of refitted 

tracks > 10 GeV

Signal event selection 
efficiency wrt Monte Carlo 41% before secondary 

vertex cuts; 30% afterOffline 
Bs→ J/ψ(μμ) ϕ(KK) 

candidate cuts  

4 tracks from J/ψ,ϕ 
candidates fitting to 

common vertex χ2<10; 
resultant pt of refitted 

tracks > 10 GeV Background
~30% after secondary 

vertex cuts, dominated by 
Bd→J/ψK0* and bb→J/ψX
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The rare decay Bs→μμ
• Tiny branching ratio in the Standard Model: 

‣ Mediated by FCNC that are forbidden at tree level (lowest-order SM-allowed diagrams 
below); helicity suppressed

‣ BRSM = (3.42 ± 0.52) × 10−9 

• Current experimental limits:

‣ DZero (5fb-1): BRBs→μμ < 4.5 (5.3) x 10-8 at 90% (95%) CL [D0 Note 5906-CONF 2009]

‣ CDF (2fb-1): BRBs→μμ < 5.8 x 10-8 at 95% CL [Phys. Rev. Lett. 100, 101802 (2008)]

• Could use this decay to

‣ Test SM to high perturbative orders

‣ Look for new physics effects via a modified branching ratio

8

1 Introduction
The rare decays, B0s → !+!− with !± = e±,µ±, or τ±, are mediated by flavour-changing neutral currents
that are forbidden in the Standard Model at tree level. The lowest-order contributions in the Standard
Model involve weak penguin loops and weak box diagrams that are CKM suppressed. Examples of the
lowest-order diagrams are shown in Figure 1. Since the B0s meson is a pseudoscalar that has positive C
parity and the transition proceeds in an ! = 0 state, the electromagnetic penguin loop is forbidden. The
two leptons are either both right-handed or both left-handed leading to additional helicity suppression.
Thus, branching fractions expected in the Standard Model are tiny.

s
t

b̄

W−

W+
Z0 µ+

µ− s
t

b̄ W+

W−

µ+

ν
µ−

Figure 1: Lowest order Standard Model contributions to B0s → µ+µ−.

The early searches for rare B meson decays started with radiative penguin decays, first observed by
CLEO in 1993, where they presented evidence for the exclusive decay B→ K ∗γ and for the inclusive
decay B→ Xsγ a year later [1, 2].
The B factory experiments, BaBar and Belle, have measured these decay modes with more precision.

The present world average for the inclusive mode is B(B→ Xsγ) = (3.55± 0.26)× 10−4 [3]. BaBar
and Belle also observed the decays B→ K (∗)!+!− and B→ Xs!+!− that are two orders of magnitude
smaller than B→ Xsγ [4, 5]. The decay B0s → µ+µ− is expected to be further reduced by three orders of
magnitude.
In extensions of the Standard Model, the B0s → µ+µ− branching fraction may be enhanced by

several orders of magnitude. Thus, several experiments have searched for these decays. The largest B0s
samples have been collected by CDF and D0 corresponding to a luminosity of 2 fb−1 but no signal has
been observed. The lowest branching fraction upper limit was set recently by CDF yielding B(B0s →
µ+µ−) < 5.8× 10−8@95% confidence level [6]. This is still about an order of magnitude higher than
the Standard Model prediction. As ATLAS has an elaborate muon system extended over a large region of
the solid angle, the dimuon final state is expected to be reconstructed with high efficiency and good mass
resolution. Thus, there are good prospects for observing this decay in the dimuon channel and measuring
its branching fraction with reasonable precision.

2 Theoretical description
The Standard Model amplitude for the process Bs,d→ !+!− is calculated from the effective Hamiltonian

Heff = −
GF√
2

α
π sin2 θW

V ∗
tbVtq(C10(µ)O10(µ)+CS(µ)OS(µ)+CP(µ)OP(µ))+h.c., (1)

where Ci(µ) are Wilson coefficients that present the perturbatively calculable short-distance effects and
Oi(µ) are local operators that describe the non-perturbative long-distance effects of the transition. The
scale parameter µ is of the order of the b-quark mass (∼ 5 GeV), θW is the weak mixing angle, α is
the electromagnetic coupling constant and V ∗

tbVtq are CKM matrix elements for t → b and t → q = s,d
transitions, respectively.
The dominant contribution results from the axial-vector operator O10, [7]:

2

STUDY OF THE RARE DECAY B
0
s
→ µ+µ−

124
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Trigger and offline muon reconstruction performance 
for Bs→μμ
• The ATLAS di-muon trigger, excellent muon identification efficiency and high beauty production 

cross section will give us access to this channel at L=1033 and 1034 cm-2s-1

• Trigger levels 1 and 2 

‣ Topological di-muon trigger: pt > {6, 6} GeV; Mμμ < 7 GeV; vertex χ2 < 10 (using L2 trigger 
tracking and vertexing algorithms)

9

Trigger performance for simulated Bs→μμ 
events, L=1033 cm-2 s-1

Trigger performance for simulated Bs→μμ 
events, L=1033 cm-2 s-1

Trigger performance for simulated Bs→μμ 
events, L=1033 cm-2 s-1

L1 x L2 
efficiency

Event filter 
w.r.t L2 Overall

0.52 0.88 0.46

matched to the Monte Carlo particle tracks in the corresponding pT bin divided by number of generated
muons. The pT spectrum of generated muons is superimposed on the efficiency plot.
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Figure 2: Muon offline reconstruction efficiency as a function of pT . The superimposed histogram - pT
spectrum of muons in the signal events (right scale).

For the physics analysis, we select events containing identified muon pairs with opposite charges.
Aside of the kinematic cuts (pµ1(µ2)

T > 6(4) GeV and |ηµ1,µ2 | < 2.5) no additional cuts have have been
applied. These two muons then constitute a B meson candidate. The VKalVrt vertexing package [15] is
used to fit tracks into a vertex. We require the vertex quality to have χ 2 < 10. The momentum resolution
is important as a narrow mass search window reduces the background contribution. Figure 3 shows
the dimuon mass distribution for the cases when both muons are in the barrel region (|ηµ1,µ2 | < 1.1) or
in the end-cap (|ηµ1,µ2 | > 1.1). The Gaussian fit (using bins with contents > 10% of maximum) gives
σ = 70 MeV for the barrel and σ = 124 MeV for the end-cap. We used 90 MeV as an estimate of the
invariant mass resolution for the signal events.
In this document we present a cut-based method for signal extraction and background rejection. For

the future, we are investigating another method using a boosted decision tree [16].
In the cut based analysis a set of discriminating variables is chosen and using the signal and back-

ground simulated events the optimal set of cuts is determined. The signal events are identified by re-
quiring that the dimuon invariant mass is consistent with the mass of Bs meson. To reduce background
events where two muons originate from different sources (e.g. independent semileptonic decays of b and
b̄ quarks), the following discriminating variables were chosen (values used in the final analysis are given
in parentheses):

• Transverse decay length of the Bs candidate Lxy (Lxy >0.5 mm )

• The pointing angle α between the dimuon pair summary momentum and the direction of the decay
vertex as seen from the primary vertex (α <0.017 rad )

• Isolation Iµµ = pµµ
T /(pµµ

T + ΣipiT (∆R < 1)) , where the sum is over all tracks with pT > 1 GeV
(excluding the muon pairs) within a cone of ∆R < 1, where ∆R =

√
(∆η)2+(∆φ)2 and ∆η and

∆φ are the pseudorapidity and azimuthal angle of track i with respect to the momentum vector of
the muon pair ( Iµµ > 0.9 ).

7

STUDY OF THE RARE DECAY B
0
s
→ µ+µ−

129

Single muon pt spectrum for Bs→μμ
events

Single muon offline reconstruction 
efficiency for Bs→μμ events

• Event filter

‣ As above but based on offline reconstruction 
algorithms and vertexing
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Offline analysis strategy for Bs→μμ 10

B. Cut made on pointing angle α is between dimuon summary 
momenta and the direction of the reconstructed secondary vertex, 

in frame of primary vertex
α < 0.017 radians

∆R =
√

∆η2 + ∆φ2 < 1

For all events passing the 
dimuon trigger, oppositely 
charged muons with pt > 
{6,4} GeV are fitted to a 

common vertex
Fit χ2 < 10 

A. A cut is made on the transverse 
decay length Lxy of the B-candidate 

vertex
Lxy > 0.5 mm 

Transverse decay length [mm]
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
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N 
dN

/L

-310
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-110

ATLAS

Figure 4: Transverse decay length of reconstructed B0s candidates. The signal is shown as closed circles,
background as opened circles. Distributions are normalised to 1. The vertical line indicates the lowest
transverse decay length allowed for selected events.
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Figure 5: Distribution of isolation variable Iµµ for the reconstructed B0s candidates. The signal is shown
as closed circles, background as opened circles. Distributions are normalised to 1. The vertical line
indicates the lowest values of variable Iµµ allowed for selected events.
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A.

α
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Figure 6: Distribution of pointing angle α for the reconstructed B0s candidates. The signal is shown as
closed circles, background as opened circles. Distributions is normalised to 1. The vertical line indicates
the highest values of α allowed for selected events.

non-combinatorial events are less well rejected.
Table 5 summarizes the output of this cut-based analysis. For the bb̄→ µµX background in the

left column the efficiencies are given separately for each cut, whilst in the right column the combined
efficiency is given for the cuts on the pointing angle and on the transverse decay length. As one can see
the total rejection is largely overestimated if all cuts are treated separately, so the combined value is used
to estimate a total yield of background events. The contribution from B0s → K−µν and B0s → K−π+ is
found to be negligible comparing to the combinatorial background contribution. The errors quoted for
the efficiencies are statistical only, so they represent only the size of the available Monte Carlo sample,
but not the expected accuracy of the experiment where the initial number of background events will be
much higher. More details on uncertainties will be given in Section 5.
Figure 8 shows the dimuon mass distribution for signal and background events after all selection cuts

have been applied. For the combinatorial background, the contribution for the left and right side of the
signal region is estimated in the same way as for the signal region (Table 5).

5 Systematic uncertainties
There are several sources of uncertainty in this analysis. Some of them are relevant only for the Monte
Carlo study, whilst others should be taken into account with the real data analysis as well.
In this presented analysis, the expected number of signal and background events is estimated by

counting directly instead of the normalisation procedure described in Section 3, which is supposed to
be used in a real experiment. Consequently the dimuon trigger and reconstruction efficiencies, and
acceptance, are not canceled by those from the reference channel and must explicitly be taken into
account. Using the methods developed by ATLAS [12] this systematic uncertainly is estimated to be of
about few percent.
There is a theoretical uncertainty of a factor of two in the b-production cross-section at LHC energies,

which clearly affects the Monte Carlo predictions. Consequently all numbers of events from Table 5 scale

10
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B. Cut made on

where sum is over all tracks with 
pt>1GeV excluding muons, within 

a cone of
 

defined with respect to the muon 
pair summary momenta

Iµµ =
pµµ

T∑
i pi

T

Iμμ>0.9 

C.
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Figure 4: Transverse decay length of reconstructed B0s candidates. The signal is shown as closed circles,
background as opened circles. Distributions are normalised to 1. The vertical line indicates the lowest
transverse decay length allowed for selected events.
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Figure 5: Distribution of isolation variable Iµµ for the reconstructed B0s candidates. The signal is shown
as closed circles, background as opened circles. Distributions are normalised to 1. The vertical line
indicates the lowest values of variable Iµµ allowed for selected events.
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Summary of ATLAS performance for Bs→μμ
• After 1 fb-1 ATLAS will have collected 

O(106) dimuons in the invariant mass 
range 4-7 GeV

‣ This will allow tuning of cuts and 
potentially training of multivariate 
procedures

• After 10 fb-1 (1 year @ 1033) we expect 
(SM):

11
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Figure 8: Dimuon mass distribution for surviving events after applying all three cuts. The signal is
shown as histogram, combinatorial background by closed circles and non-combinatorial backgrounds
by opened circles and triangles. The combinatorial background is estimated assuming a factorisation of
applied cuts. Statistics are given for an integrated luminosity 10 fb−1.

accordingly.
The difference between the real and simulated kinematic properties of detected particles (e.g., due

to not fully accounting for misalignment or material effects) can also introduce a bias in our predictions.
However Figure 2 shows that the most of muons from B0s → µ+µ− have a pT in the region of the
efficiency plateau so the possible deformation of pT (as well as η) spectra could change the resulting
efficiency by not more than a few percent. The uncertainty from the cuts factorisation hypothesis is
assumed to be approximately 50%.
Some uncertainties will, to a large extent, cancel if we use a normalisation channel B+ → J/ψK+

to estimate theB(B0s → µ+µ−) as the dimuon trigger conditions are similar for both channels. Without
experimental data, it is difficult to estimate the uncertainty in the number of background events in a
given mass range. In the D0 analysis [17], the sideband extrapolation method is estimated to give an
uncertainly of 20-30%. Indeed, this is the main source of uncertainty in the D0 analysis of B0s → µ+µ−.
Corrections should also be made for the contribution of B0d → µµ decay in the experimental sample.
In total, the uncertainty from the systematic errors discussed in this Section is approximately ±25%.

In addition, the procedure adopted to estimate backgrounds via cut factorisation has large uncertainties,
which are estimated to be of the order of 50%, as discussed above. In addition, a 70% uncertainty arises
from Monte Carlo statistics. Overall, we choose to combine these in quadrature to obtain an indicative
overall uncertainty on the background of +90%/-75%.

6 Start-up strategy
Already at 1 fb−1of integrated luminosity, ATLAS can have O(106) of dimuon events in a mass window
4 GeV<M(µµ) < 7 GeV (after vertexing and quality cuts). It will allow tuning of the selection proce-
dure either for the cut-based analysis or for the multivariate methods for the background discrimination.
Events that survive background suppression will be used to estimate the background contribution to the

12
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Effect on signal and background
of all cuts, 10 fb-1 (assuming Standard Model)

Bs→μμ bb→μμX

Efficiency 0.04
(2.0±1.4)

x 10-6

Events 
yield 5.7 14+13-10

The ATLAS Bs→μμ programme will continue throughout the lifetime of the 
detector
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Conclusions

• The ATLAS B-physics programme will run from the earliest days of the 
experiment and will pursue indirect searches for New Physics via B-hadron 
decays

• An efficient, fast and clean di-muon trigger scheme will allow ATLAS to 
collect large numbers of B-hadron decays involving μμ final states, 
throughout the lifetime of the experiment

• After 30 fb-1, ATLAS will have collected the following statistics: 

‣ ~270 000 Bs→J/ψϕ events with ~30% background

‣ 5.7 Bs→μμ events with 14 +13-10 of the principle background assuming the 
Standard Model branching ratios

• Early data will provide valuable information on the detector performance, 
but will also allow calibration studies in support of New Physics searches.

12
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BSM physics from Bs→J/ψϕ 14
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The state and anti-state can decay to 
the same final state, and can also 
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New source of CP-violation may 
appear in the mixing, directly in the 
decay amplitudes, or in interference 

between the two processes

The main parameter of interest is the 
weak mixing phase ϕs

φs ≡ 2 arg [V ∗
tsVtb] + φBSM
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Flavour tagging definitions 15

εtag =
Nr + Nw

Nt

Dtag =
Nr −Nw

Nr + Nw
= 1− 2wtag

wtag =
Nw

Nr + Nw

Qtag = εD2
tag

Efficiency

Dilution

Wrong-tag 
fraction

Quality

Monday, 13 July 2009



James Catmore EPS HEP Conference, Krakow, Poland, July 2009

!

!

"

"

#$! "

#
%

#
&

"

Extracting new physics from Bs→J/ψϕ
• The state and anti-state decay to the same final-

state so it is necessary to separate out the CP-odd 
and CP-even states in order to be able to measure 
CP-violation

• This is done via a transversity decomposition where 
the decay amplitude is broken down into three 
component transversity amplitudes which each have a 
definite CP-eigenstate 

• The amplitudes can only be accessed from the 
angles of the final decay products and the decay 
time of the B-meson. The angular distribution is 
non-trivial even in the absence of CP-violation 
effects since the decay is S→VV

• The analysis involves identifying the decays, 
measuring the decay angles and decay time, and 
performing a maximum likelihood fit to the function 
which expresses the angular distribution in terms of 
the transversity amplitudes. The expression is 
model-independent.

• The weak phase can be obtained from this fit

16

Spin dynamics

Transversity amplitudesB(t = 0) = B0
s

B(t = 0) = B̄0
s
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Angular distribution and M.L. fit for Bs→J/ψϕ 17
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Reconstructed Bd→J/ψK0* after 10pb-1 18
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Figure 2: Distributions of the reconstructed B0d mass and decay time expected with integrated luminosity
of 10 pb−1.

Table 5: Results from the fit to reconstructed B0s candidates corresponding to 150 pb−1.

Input Fit result with statistical error
Γs, ps−1 0.683 0.743 ± 0.051
m(B), GeV 5.343 5.359 ± 0.006

σ , ps 0.152 ± 0.001
σm, GeV 0.061 ± 0.006
nsig/N 0.018 0.031 ± 0.005
nbck1/N 0.397 0.379 ± 0.006
b1 0.023 ± 0.01

Γ1, ps−1 1.35 ± 0.02
Γ2, ps−1 0.44 ± 0.08
c1 -1.44 ± 0.07
c2 2.14 ± 0.49

5 The performance of the jet charge tagger with early data
Most studies of CP-violation and mixing require the identification of the flavour of the neutral Bmesons;
this is known as flavour tagging. Understanding the potential for flavour tagging methods will be one of
the important goals with early data. In studies of CP-violation and mixing of neutral B mesons, one must
know the flavour of a B meson both at the time of production (t = 0) and at the time of decay.
In a small number of cases, the flavour at production can be inferred from the charge of the highest

pT lepton unassociated with the signal decay, with the assumption that this tagging lepton originates
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Reconstructed Bs→J/ψϕ after 150pb-1 19
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Figure 3: Plots to show the distributions of the reconstructed B0s mass and decay time expected with
150 pb−1. Background distributions constructed from simulated events corresponding to 10 pb−1 were
scaled by a factor of 15.

from a semi-leptonic decay of the other B hadron in the event. For the majority of the events, one must
use the jet charge tagging method. According to fragmentation models, the particles are ordered in the
momentum component parrallel to the original quark direction, while charge conservation also imposes
charge ordering [7]. These two facts may be used to form a jet charge, which is related to the b-quark
charge at production. The jet used in this method consists of all tracks that are unassociated with the
signal decay with pT > 500 MeV, |η | < 2.5, inside a cone of opening angle ∆R around the B meson in
the laboratory frame. The opening angle of the jet cone, ∆R, is defined:

∆R=
√

∆η2+∆ϕ2 (4)

where ∆η and ∆ϕ are the differences in pseudorapidity and azimuthal angle between the cone wall and
the B meson. The jet charge, Qjet, tends to be positive for b̄-jets and negative for b-jets, thus allowing the
B0 meson flavour at production to be inferred. The jet charge is defined as:

Qjet =
∑iqipκ

i
∑i |pi|κ

(5)

where the qi is the charge of the ith track in the jet and pi is a measure of the tracks momentum that can
be, for example, the transverse momentum of the track or a projection of the track’s momentum along the
axis of the B meson’s direction. These are referred to as the pT method and the pL method respectively.
The parameter κ controls the relative contribution of the hard and soft tracks in the jet charge. One
possible improvement in the algorithm is to remove ambiguous cases such as events with Q jet close to
zero; the smallest allowed value of |Q jet | is called the “exclusion cut”. The opening angle of the jet
cone, the exclusion cut and κ are free parameters and must be tuned to get the best performance from the
tagger.
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Analysis procedure for Bs→J/ψϕ and Bd→J/ψK0* 20
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J/ψ, ϕ and K0* invariant masses 21

3 Analysis of the decays B0s → J/ψφ and B0d→ J/ψK0∗

3.1 Strategy for analysis of early data
The strategies deployed during the early period of the experiment will differ from those used later. In
particular, the low statistics available will not allow a determination of the complete list of physics
variables that can in principle be determined from the B0s → J/ψφ and B0d→ J/ψK0∗ decays [6]. During
the early phase, the compositions of the backgrounds will not be well understood. Furthermore, at
this time, the detector and reconstruction software performance will also not be fully understood, and
restrictive selection cuts to remove backgrounds may bias the signal in an uncontrolled way. The strategy
in these early stages will therefore be to use loose cuts, which will admit more of the background decays.
In particular, omitting vertex selections allows a statistically meaningful contribution from prompt J/ψ
events. Most of these events fall outside the signal region of the study, and allow a better determination
of the vertex resolution, which in turn allows a better overall B lifetime determination. This approach
is consistent with the B trigger strategy for early data where no cut on secondary vertex displacement is
required.

3.2 Reconstruction
Monte Carlo events of signal and background processes, as described in Table 1, were passed through
full detector simulation and reconstruction. Trigger algorithms were applied during the reconstruction.
Only events accepted by the J/ψ → µ+µ− trigger [2] (with thresholds of pT > 6 GeV and pT > 4 GeV
for the fastest and second fastest muon) were retained for offline analysis. The reconstructed data objects
were then processed as follows.
J/ψ → µ+µ− candidates were sought by forming all possible pairs of oppositely charged muon

tracks passing the cuts pT > 4 GeV and |η | < 2.4. Pairs containing at least one muon track with pT >
6 GeV were fitted to a common vertex. Pairs were assumed to be muons from J/ψ decays if the vertex
fit resulted in a fit χ2/n.d. f < 6 and the invariant mass of the muon pair fell within a 3 σ window around
the nominal J/ψ mass, with σ = 58 MeV. This window was chosen by fitting a Gaussian distribution
to the invariant mass of the muon pairs in the events pp→ J/ψX and bb→ µ +µ−X , see Figure 1. The
background from non resonant µ+µ− pairs in the 3 σ window is 10%.

Entries  80274
Mean     3087
RMS     101.7

 / ndf 2χ  76.36 / -3
Constant  11.2± 771.8 
Mean      0.7±  3099 
Sigma     0.72± 57.97 
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Figure 1: Reconstructed invariant mass distributions of J/ψ → µ +µ− (left), φ → K+K− (middle) and
K0∗ → K±π∓ (right) candidates.

The φ → K+K− candidates were reconstructed from all pairs of oppositely charged tracks, not iden-
tified as muons, with pT > 0.5 GeV and |η | < 2.5, which were fitted to a common vertex. These tracks
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Extracting Bs and Bd mass and lifetime from early data 22
With the earliest data ATLAS will use a fit to simultaneously access the mean mass and lifetimes of the Bs and Bd 

mesons

bkg1 = prompt background; bkg2 = bb background
psig, pbkg1, pbkg2 = probability density functions modelling lifetime and mass distributions for signal and backgrounds 

In the studies of exclusive channels of B decays, vertex displacement selections are replaced by cuts on
the B hadron decay time. This method avoids any bias on the proper decay time measurements. Table
3 shows the reconstruction efficiences with and without decay time cuts. In particular, by requiring that
the proper decay time of the B0s candidate is greater than 0.5 ps, additional rejection by a factor of 260
for the pp→ J/ψX can be achieved while losing 25% of the signal.

Table 3: B0d→ J/ψK0∗ (B0s → J/ψφ ) signal and background reconstruction efficiencies before and after
the cut on B0d (B0s ) decay time t. The applied cut was t > 0.5 ps.

efficiency [%]
before time cut after time cut

Signal B0d→ J/ψK0∗ 42.0 30.4
pp→ J/ψX background 0.67 0.0064
bb̄→ J/ψX background 3.05 1.52
Signal B0s → J/ψφ 40.5 30.0

pp→ J/ψX background 1.5 0.0058
bb̄→ J/ψX background 1.1 0.8

4 Simultaneous fit of mass and lifetime of B0d and B0s with early data
We now turn to methods for extracting physically interesting parameters from the decays of the B0s and
B0d mesons. The first measurements with early data will comprise the mean lifetimes and masses of these
mesons.
We perform a simultaneous maximum likelihood fit for each B0s and B0d mass and proper decay time

distributions. The likelihood function L is defined by:

L=
N
∏
i=1

[nsig
N × psig(ti,mi)+

nbck1
N ×pbkg1(ti,mi)+

N−nsig−nbck1
N ×pbkg2(ti,mi)

]
(1)

where the index i runs over the events, N = nsig+nbck1+nbck2 is the total number of reconstructed events
in the fit and nsig, nbck1 and nbck2 are the numbers of signal and background events. The terms psig, pbkg1
and pbkg2 are products of two probability density functions that model the mass m and proper decay time
t of the signal and the prompt and non-prompt backgrounds respectively (see Section 2). The number of
expected events for the prompt background is nbck1 and the corresponding probability density function
in formula 1 is pbkg1. The probability density function for the non-prompt background is pbkg2.
For the signal, the mass distribution is modeled by a Gaussian distribution, whose mean value is the

B hadron mass m(B) and its width σm is given by the detector mass resolution. Both m(B) and σm are
determined from the fit. The reconstructed proper decay time distribution for the signal is parameterised
by the function:

psig(ti) =

∫ ∞
0 e−Γtρ(t− ti)dt

∫ ∞
−∞ (

∫ ∞
0 e−Γtρ(t− t′)dt)dt′ (2)

where the decay time resolution function ρ(t− ti) was approximated by a Gaussian of width σ which is
a free parameter of the fit.
For the background, the mass distribution of the prompt component is assumed to follow a flat dis-

tribution as observed in simulated data (see Figure 2). The non-prompt component is modeled with a
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Parameter
Bd→J/ψK0* after 10pb-1Bd→J/ψK0* after 10pb-1 Bs→J/ψϕ after 150pb-1Bs→J/ψϕ after 150pb-1

Parameter
Simulated value Fit result + st error Simulated value Fit result + st error

Mean lifetime Γ, ps-1 0.651 0.73 ± 0.07 0.683 0.743 ± 0.051

Mean mass m, GeV 5.279 5.284 ± 0.006 5.343 5.359 ± 0.006

Lifetime resolution σ, ps 0.132 ± 0.004 0.152 ± 0.001

Mass resolution σB, GeV 0.054 ± 0.006 0.061 ± 0.006

nsig/N 0.16 0.155 ± 0.006 0.018 0.031 ± 0.005

nbck1/N 0.062 0.595 ± 0.017 0.397 0.379 ± 0.006
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Definitions of functions in Bs/Bd likelihood fit  23

In the studies of exclusive channels of B decays, vertex displacement selections are replaced by cuts on
the B hadron decay time. This method avoids any bias on the proper decay time measurements. Table
3 shows the reconstruction efficiences with and without decay time cuts. In particular, by requiring that
the proper decay time of the B0s candidate is greater than 0.5 ps, additional rejection by a factor of 260
for the pp→ J/ψX can be achieved while losing 25% of the signal.

Table 3: B0d→ J/ψK0∗ (B0s → J/ψφ ) signal and background reconstruction efficiencies before and after
the cut on B0d (B0s ) decay time t. The applied cut was t > 0.5 ps.

efficiency [%]
before time cut after time cut

Signal B0d→ J/ψK0∗ 42.0 30.4
pp→ J/ψX background 0.67 0.0064
bb̄→ J/ψX background 3.05 1.52
Signal B0s → J/ψφ 40.5 30.0

pp→ J/ψX background 1.5 0.0058
bb̄→ J/ψX background 1.1 0.8

4 Simultaneous fit of mass and lifetime of B0d and B0s with early data
We now turn to methods for extracting physically interesting parameters from the decays of the B0s and
B0d mesons. The first measurements with early data will comprise the mean lifetimes and masses of these
mesons.
We perform a simultaneous maximum likelihood fit for each B0s and B0d mass and proper decay time

distributions. The likelihood function L is defined by:

L=
N
∏
i=1

[nsig
N × psig(ti,mi)+

nbck1
N ×pbkg1(ti,mi)+

N−nsig−nbck1
N ×pbkg2(ti,mi)

]
(1)

where the index i runs over the events, N = nsig+nbck1+nbck2 is the total number of reconstructed events
in the fit and nsig, nbck1 and nbck2 are the numbers of signal and background events. The terms psig, pbkg1
and pbkg2 are products of two probability density functions that model the mass m and proper decay time
t of the signal and the prompt and non-prompt backgrounds respectively (see Section 2). The number of
expected events for the prompt background is nbck1 and the corresponding probability density function
in formula 1 is pbkg1. The probability density function for the non-prompt background is pbkg2.
For the signal, the mass distribution is modeled by a Gaussian distribution, whose mean value is the

B hadron mass m(B) and its width σm is given by the detector mass resolution. Both m(B) and σm are
determined from the fit. The reconstructed proper decay time distribution for the signal is parameterised
by the function:

psig(ti) =

∫ ∞
0 e−Γtρ(t− ti)dt

∫ ∞
−∞ (

∫ ∞
0 e−Γtρ(t− t′)dt)dt′ (2)

where the decay time resolution function ρ(t− ti) was approximated by a Gaussian of width σ which is
a free parameter of the fit.
For the background, the mass distribution of the prompt component is assumed to follow a flat dis-

tribution as observed in simulated data (see Figure 2). The non-prompt component is modeled with a
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In the studies of exclusive channels of B decays, vertex displacement selections are replaced by cuts on
the B hadron decay time. This method avoids any bias on the proper decay time measurements. Table
3 shows the reconstruction efficiences with and without decay time cuts. In particular, by requiring that
the proper decay time of the B0s candidate is greater than 0.5 ps, additional rejection by a factor of 260
for the pp→ J/ψX can be achieved while losing 25% of the signal.

Table 3: B0d→ J/ψK0∗ (B0s → J/ψφ ) signal and background reconstruction efficiencies before and after
the cut on B0d (B0s ) decay time t. The applied cut was t > 0.5 ps.

efficiency [%]
before time cut after time cut

Signal B0d→ J/ψK0∗ 42.0 30.4
pp→ J/ψX background 0.67 0.0064
bb̄→ J/ψX background 3.05 1.52
Signal B0s → J/ψφ 40.5 30.0

pp→ J/ψX background 1.5 0.0058
bb̄→ J/ψX background 1.1 0.8

4 Simultaneous fit of mass and lifetime of B0d and B0s with early data
We now turn to methods for extracting physically interesting parameters from the decays of the B0s and
B0d mesons. The first measurements with early data will comprise the mean lifetimes and masses of these
mesons.
We perform a simultaneous maximum likelihood fit for each B0s and B0d mass and proper decay time

distributions. The likelihood function L is defined by:

L=
N
∏
i=1

[nsig
N × psig(ti,mi)+

nbck1
N ×pbkg1(ti,mi)+

N−nsig−nbck1
N ×pbkg2(ti,mi)

]
(1)

where the index i runs over the events, N = nsig+nbck1+nbck2 is the total number of reconstructed events
in the fit and nsig, nbck1 and nbck2 are the numbers of signal and background events. The terms psig, pbkg1
and pbkg2 are products of two probability density functions that model the mass m and proper decay time
t of the signal and the prompt and non-prompt backgrounds respectively (see Section 2). The number of
expected events for the prompt background is nbck1 and the corresponding probability density function
in formula 1 is pbkg1. The probability density function for the non-prompt background is pbkg2.
For the signal, the mass distribution is modeled by a Gaussian distribution, whose mean value is the

B hadron mass m(B) and its width σm is given by the detector mass resolution. Both m(B) and σm are
determined from the fit. The reconstructed proper decay time distribution for the signal is parameterised
by the function:

psig(ti) =

∫ ∞
0 e−Γtρ(t− ti)dt

∫ ∞
−∞ (

∫ ∞
0 e−Γtρ(t− t′)dt)dt′ (2)

where the decay time resolution function ρ(t− ti) was approximated by a Gaussian of width σ which is
a free parameter of the fit.
For the background, the mass distribution of the prompt component is assumed to follow a flat dis-

tribution as observed in simulated data (see Figure 2). The non-prompt component is modeled with a
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second order polynomial function where the coefficient of the linear (quadratic) terms, denoted as c1 (c2)
in Table 4, are determined from the fit.
The decay time distribution of the prompt background component is parametrised by a Gaussian of

width σ . The non-prompt component was modeled by the sum of two exponential functions, convoluted
with the decay time resolution function ρ . The two exponential functions are denoted as Γ1 and Γ2, the
constant coefficient between them is b1.

pbck2(ti) =

∫ ∞
0

(
Γ1e−Γ1t+b1×Γ2e−Γ2t

)
ρ(t− ti)dt

∫ ∞
−∞ (

∫ ∞
0 (Γ1e−Γ1t+b1×Γ2e−Γ2t)ρ(t− t′)dt)dt′ (3)

4.1 B0d→ J/ψK0∗ decay
The likelihood function, −2lnL is minimised to extract the B0d lifetime τ = 1/Γ and mass m(B) from the
reconstructed events containing a B0d→ J/ψK0∗ candidates and backgrounds. This fit corresponds to an
integrated luminosity of 10 pb−1. The distributions of the reconstructed masses and lifetimes are shown
in Figure 2. Table 4 summarises the results of the likelihood fit. The values obtained from the fit agree
with the input values used in the simulation (given in the first column) within the statistical errors of the
fit. The average lifetime of the B0d can be measured with an uncertainty of 10% for 10 pb−1.

Table 4: Results of the fit to reconstructed B0d candidates corresponding to 10 pb−1. The first column
shows input values used in simulation.

Parameter Simulated value Fit result with statitical error
Γ, ps−1 0.651 0.73 ± 0.07
m(B), GeV 5.279 5.284 ± 0.006

σ , ps 0.132 ± 0.004
σm, GeV 0.054 ± 0.006
nsig/N 0.16 0.155 ± 0.015
nbck1/N 0.062 0.595 ± 0.017
b1 1.08 ± 0.27

Γ1, ps−1 0.67 ± 0.05
Γ2, ps−1 2.4 ± 0.3
c1 -2.75 ± 0.28
c2 4.7 ± 1.4

4.2 B0s → J/ψφ decay
The B0s B0s system exhibits two mass eigenstates with two lifetimes; the lifetime difference ∆Γs/Γs is
expected to be O(10−1). However, with early data (a few hundred pb−1), the statistics are insufficient to
determine both lifetimes. For the initial period of LHC running, it is assumed that ∆Γs = 0. The method
for the B0s fit is the same as for the B0d case, the main difference being the smaller fraction of signal events,
as shown in the mass and lifetime distributions for the reconstructed events after cuts selecting the B0s
signal (Figure 3).
Statistics of reconstructed events corresponding to an integrated luminosity of 150 pb−1 enables

measurements to be made with relative precisions on the B0s lifetime of 10% (Table 5). In the fit the
background events are weighted by factor of 15, since Monte Carlo statistics were limited to the equiva-
lent of 10 pb−1 for the current study.
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second order polynomial function where the coefficient of the linear (quadratic) terms, denoted as c1 (c2)
in Table 4, are determined from the fit.
The decay time distribution of the prompt background component is parametrised by a Gaussian of

width σ . The non-prompt component was modeled by the sum of two exponential functions, convoluted
with the decay time resolution function ρ . The two exponential functions are denoted as Γ1 and Γ2, the
constant coefficient between them is b1.

pbck2(ti) =

∫ ∞
0

(
Γ1e−Γ1t+b1×Γ2e−Γ2t

)
ρ(t− ti)dt

∫ ∞
−∞ (

∫ ∞
0 (Γ1e−Γ1t+b1×Γ2e−Γ2t)ρ(t− t′)dt)dt′ (3)

4.1 B0d→ J/ψK0∗ decay
The likelihood function, −2lnL is minimised to extract the B0d lifetime τ = 1/Γ and mass m(B) from the
reconstructed events containing a B0d→ J/ψK0∗ candidates and backgrounds. This fit corresponds to an
integrated luminosity of 10 pb−1. The distributions of the reconstructed masses and lifetimes are shown
in Figure 2. Table 4 summarises the results of the likelihood fit. The values obtained from the fit agree
with the input values used in the simulation (given in the first column) within the statistical errors of the
fit. The average lifetime of the B0d can be measured with an uncertainty of 10% for 10 pb−1.

Table 4: Results of the fit to reconstructed B0d candidates corresponding to 10 pb−1. The first column
shows input values used in simulation.

Parameter Simulated value Fit result with statitical error
Γ, ps−1 0.651 0.73 ± 0.07
m(B), GeV 5.279 5.284 ± 0.006

σ , ps 0.132 ± 0.004
σm, GeV 0.054 ± 0.006
nsig/N 0.16 0.155 ± 0.015
nbck1/N 0.062 0.595 ± 0.017
b1 1.08 ± 0.27

Γ1, ps−1 0.67 ± 0.05
Γ2, ps−1 2.4 ± 0.3
c1 -2.75 ± 0.28
c2 4.7 ± 1.4

4.2 B0s → J/ψφ decay
The B0s B0s system exhibits two mass eigenstates with two lifetimes; the lifetime difference ∆Γs/Γs is
expected to be O(10−1). However, with early data (a few hundred pb−1), the statistics are insufficient to
determine both lifetimes. For the initial period of LHC running, it is assumed that ∆Γs = 0. The method
for the B0s fit is the same as for the B0d case, the main difference being the smaller fraction of signal events,
as shown in the mass and lifetime distributions for the reconstructed events after cuts selecting the B0s
signal (Figure 3).
Statistics of reconstructed events corresponding to an integrated luminosity of 150 pb−1 enables

measurements to be made with relative precisions on the B0s lifetime of 10% (Table 5). In the fit the
background events are weighted by factor of 15, since Monte Carlo statistics were limited to the equiva-
lent of 10 pb−1 for the current study.
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Figure 2: Distributions of the reconstructed B0d mass and decay time expected with integrated luminosity
of 10 pb−1.

Table 5: Results from the fit to reconstructed B0s candidates corresponding to 150 pb−1.

Input Fit result with statistical error
Γs, ps−1 0.683 0.743 ± 0.051
m(B), GeV 5.343 5.359 ± 0.006

σ , ps 0.152 ± 0.001
σm, GeV 0.061 ± 0.006
nsig/N 0.018 0.031 ± 0.005
nbck1/N 0.397 0.379 ± 0.006
b1 0.023 ± 0.01

Γ1, ps−1 1.35 ± 0.02
Γ2, ps−1 0.44 ± 0.08
c1 -1.44 ± 0.07
c2 2.14 ± 0.49

5 The performance of the jet charge tagger with early data
Most studies of CP-violation and mixing require the identification of the flavour of the neutral Bmesons;
this is known as flavour tagging. Understanding the potential for flavour tagging methods will be one of
the important goals with early data. In studies of CP-violation and mixing of neutral B mesons, one must
know the flavour of a B meson both at the time of production (t = 0) and at the time of decay.
In a small number of cases, the flavour at production can be inferred from the charge of the highest

pT lepton unassociated with the signal decay, with the assumption that this tagging lepton originates
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c1(c2): linear(quadratic) coefficients in non-prompt background fit
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Figure 3: Reconstructed Bs mass in barrel - when both muons have |η | < 1.1(left) and in the end-cap -
both muons have |η | > 1.1 (right)

• An asymmetric search window forMµµ ,∈ [MB0s −σ ,MB0s +2σ ], is used to avoid a possible contri-
bution from B0d→ µ+µ− decay.

Figures 4, 5 and 6 show distributions of discriminating variables for signal and background events.
Due to the low Monte Carlo statistics, it is not feasible to perform a cut analysis as in a real experiment
(i.e. applying all cuts simultaneously) since this will leave no events for the analysis. However, some
of the discriminating variables show no (or small) correlations between each other. This allows the
estimation of the rejection power of such variables separately. Then the product of all efficiencies can
provide a reasonable estimate of the total rejection. Table 4 shows a correlation matrix for the variables
used in this study. The correlation between the pointing angle α and the transverse decay length Lxy is
higher than among other variables so the pointing angle and the transverse decay length are examined
simultaneously to take their correlation into account. The systematic uncertainty due to this correlation
is estimated as +50%.

Mµµ Iµµ α Lxy
Mµµ 1 -0.09 0.04 -0.03
Iµµ 1 -0.07 -0.03
α 1 -0.17
Lxy 1

Table 4: The linear correlation coefficients among the discriminating variables for background events.
The statistical uncertainty is about ±0.05 for each coefficient.

Figure 7 illustrates the rejection power of each cut. One cut is applied at a time to the combinato-
rial background events and to the B0s → K−µν and B0s → K−π+ events where one or two hadrons are
misidentified as a muon. The combinatorial background is effectively suppressed by these cuts while the

8

STUDY OF THE RARE DECAY B
0
s
→ µ+µ−

130

Barrel End-caps

Monday, 13 July 2009



James Catmore EPS HEP Conference, Krakow, Poland, July 2009

Effect of cuts on the signal and background 25

) [GeV]µ µMass(
4.5 5 5.5 6 6.5 7

dN
/d

M

-210

-110

1
10

210

310

410

510

610

710
µ µ->bb 

µ µ->0
s

signal B
π->K 0

sB
ν µ->K 0

sB

a) ) [GeV]µ µMass(
4.5 5 5.5 6 6.5 7

dN
/d

M
-210

-110

1
10

210

310

410

510

610

710
µ µ->bb 

µ µ->0
s

signal B
π->K 0

sB
ν µ->K 0

sB
Lxy > 0.5 mm

b)

) [GeV]µ µMass(
4.5 5 5.5 6 6.5 7

dN
/d

M

-210

-110

1
10

210

310

410

510

610

710
µ µ->bb 

µ µ->0
s

signal B
π->K 0

sB
ν µ->K 0

sB
 < 0.017α

c) ) [GeV]µ µMass(
4.5 5 5.5 6 6.5 7

dN
/d

M

-210

-110

1
10

210

310

410

510

610

710
µ µ->bb 

µ µ->0
s

signal B
π->K 0

sB
ν µ->K 0

sB
 > 0.9µµI

d)
Figure 7: The Monte Carlo di-muon mass distributions for signal B0s → µ+µ− (histogram), combinato-
rial background (closed circles) and non-combinatorial background (open circles and triangles) for (a)
preselected events, (b) after cuts on transverse decay length, (c) pointing angle and (d) isolation. The
number of events has been scaled to 10 fb−1 of integrated luminosity.
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