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Introduction

Will try to discuss briefly recent LHCb results for:

1. Rare decay processes.
2. Bs mixing observables.
3. Mass measurements and spectroscopy.
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B0
(d ,s)
→ µ+µ−
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Bs → µ+µ− and Bd → µ+µ−

Sensitive to contributions from scalar +
pseudo-scalar sector.

→ Interesting to probe NP models with
extended Higgs sector,
e.g. MSSM, 2HDM, . . .

e.g. in MSSM, branching fraction scales
approximately as tan6 β/M4

A

More generally:

Motivation: Search for New Physics
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• Decays highly suppressed in Standard Model (Buras 2010)

! effective FCNC, helicity suppression

! SM expectation:

B(B
0
s → µ

+
µ
−

) = (3.2 ± 0.2) × 10
−9

B(B
0 → µ

+
µ
−

) = (1.0 ± 0.1) × 10
−10

! Cabibbo-enhancement (|Vts| > |Vtd|)
of B0

s → µ+µ− over B0 → µ+µ−
only in MFV models

• Sensitivity to new physics
! 2HDM: B ∝ (tanβ)4, mH+; MSSM: B ∝ (tanβ)6

→ sensitivity to extended Higgs boson sectors

→ Constraints on parameter regions

• B0
s → µ+µ− (and B0→ µ+µ−) considered as golden channel(s)
! high sensitivity to new physics

! (very) small theoretical uncertainties

→ comparable in sensitivity to µ→ eγ, B → Xνν̄

Urs Langenegger Search for B0
s → µ+µ− and B0 → µ+µ− in CMS (2012/02/28) 2
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B0
(d ,s) → µ+µ−

Set limit on the branching fraction using the CLs technique, dividing
data into bins of BDT response and mass.
BDT response and mass line-shape of the signal calibrated from data
using B → hh′ and J/ψ/ψ(2S)/Υ (1S)→ µ+µ− decays.

B(Bd → µ+µ−) < 1.0× 10−9 (95% C.L.)
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B(Bs → µ+µ−) < 4.5× 10−9 (95% C.L.)
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Expected limit B(Bs → µ+µ−) < 7.2× 10−9 (bkg + SM)

c.f. B(Bs → µ+µ−) < 22 × 10−9 [ATLAS-CONF-2012-010]

B(Bs → µ+µ−) < 7.7× 10−9 [CMS-BPH-11-020]

[LHCb-PAPER-2012-007]
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B0
(d ,s) → µ+µ−

LHCb sets a limit for B(Bs → µ+µ−) < 4.5× 10−9 (95% C.L.)

c.f. SM expectation of (3.2± 0.2)× 10−9.

Best fit branching fraction estimated to be:

B(Bs → µ+µ−) = (0.8 +1.8
−1.3)× 10−9

using a simultaneous maximumum likelihood fit to the µ+µ− mass
distribution in the 8 BDT bins.

signal
cross-feed

background
B → hh′
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−0.6)× 10−8

[LHCb-PAPER-2012-007]
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Experimental limits and the SM prediction

Experimental limits are now close to the SM prediction.

May become increasingly important to understand the uncertainty on
(and the central value for) the SM prediction.

Several predictions available:

B(Bs → µ+µ−) = (3.2± 0.2)× 10−9 (fBs = 225± 4 MeV).
B(Bs → µ+µ−) = (3.7± 0.4)× 10−9 (fBs = 250± 12MeV).

For details see A. Buras [PLB 566 (2003)], with fBs from J. Laiho et
al. [PRD 81 (2010)] and C. McNeile et al. [arXiv:1110.4510].
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b → s`+`− processes
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Bs → φµ+µ− branching fraction

Measure B(Bs → φµ+µ−)
normalised using Bs → J/ψφ
decays.

With simple cut based analysis
and strong PID requirements,
observe:

77± 10 Bs → φµ+µ−

candidates.
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B(Bs → φµ+µ−) = (0.78± 0.10(stat)± 0.06(syst)± 0.28(B))× 10−6

Lower than but still statistically compatible with the CDF result
[PRL 107 (2011)].

NB Can get to ∼ 10% normalising to Bd modes.

[LHCb-CONF-2012-003]

(LHCb Preliminary)
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Bd → K ∗0µ+µ−

Gives access to C(′)
7 , C(′)

9 and C(′)
10 .

Sensitivity through branching fraction
measurements and angular observables.
Angular analysis can be sensitive to the
chiral structure of the NP (e.g. S3/A2

T ).

Decay described by three angles and
dimuon invariant mass squared
(θ`, θK , φ, q

2).
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Analysis based on 1 fb−1.

Observe 900 candidates (BABAR + Belle + CDF ∼ 600).

[LHCb-CONF-2012-008]
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Yield in q2-bins
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4/c2 < 4.3 GeV22.0 < q
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4/c2 < 8.68 GeV24.3 < q
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4/c2 < 12.86 GeV210.09 < q
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4/c2 < 16.0 GeV214.18 < q
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4/c2 < 19.0 GeV216.0 < q
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Anatomy of the Bd → K ∗0µ+µ− decay

Anatomy of the decay was explained in detail by Christoph yesterday.
Described by 12 angular terms:

d4Γ

d cos θ` d cos θK dφ dq2
∝
[
Js1 + Jc1 + (Js2 + Jc2 ) cos 2θ` + J3 sin2 θ` cos 2φ +

J4 sin 2θ` cosφ+ J5 sin θ` cosφ +

J6 cos θ` + J7 sin θ` sinφ+ J8 sin 2θ` sinφ +

J9 sin2 θ` sin 2φ
]

By folding in φ can cancel terms in the angular expression:

→ Leaving Js,c1 , Js,c2 , J3, J6 and J9.

Relate Js,c1 & Js,c2 to FL and FT = 1− FL in the massless case.

Some possibility to access J4, J5, J7 and J8 using other folding
techniques. See A. Bharucha & W. Reece [arXiv:1002.4310].
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Bd → K ∗0µ+µ− angular distribution after folding

Take advantage of a symmetry of the system, by folding the
distribution in φ, to reduce the number of free parameters.

φ̂ = φ+ π if φ < 0 and φ̂ = φ if φ > 0, leading to:

1

Γ

d4Γ

d cos θ` d cos θK dφ̂dq2
=

9

16π

[
FL cos2 θK +

3

4
(1− FL)(1− cos2 θK ) +

FL cos2 θK (2 cos2 θ` − 1) +

1

4
(1− FL)(1− cos2 θK )(2 cos2 θ` − 1) +

S3(1− cos2 θK )(1− cos2 θ`) cos 2φ̂ +

4

3
AFB(1− cos2 θK ) cos θ` +

AIm(1− cos2 θK )(1− cos2 θ`) sin 2φ̂
]
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New physics sensitivity to C(′)
7

C7 and C′7 are constrained by b → sγ processes. Even in the SM-like
allowed region can still have large sensitivity to C′7 through A2

T .

Where S3 is related to theoretically clean observable A2
T through

S3 = 1
2 (1− FL)A2

T .

Scenario B : class-I constraints in (δC7, δC7′)

In Scenario B, NP in
C7, C7′ : same constraints as before from class-I observables
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S. Descotes-Genon et. al. [arXiv:1104.334]
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Sensitivity to NP through AFB and S3

Can be highly sensitive to NP contributions to C(′)
7 , C(′)

9 and C(′)
10 .

e.g. W. Almannshofer et. al. [arXiv:0801.1214v5] , where S6 = −4
3AFB .

Generic MSSM
Flavour blind MSSM
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Figure 16: The observables S3 and A9 in the SM (blue band) and the two GMSSM scenarios
GMSSMI,II with large complex contributions to C ′

7 as described in the text.
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Figure 17: Several observables in the SM (blue band) and two selected GMSSM scenarios that show
large non-standard behaviour. See text for details.
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Figure 9: Left and centre plot: CP asymmetries A7 and A8 in the SM (blue band) and three
FBMSSM scenarios as described in the text. Right plot: correlation between the integrated asym-
metries 〈A7〉 and 〈A8〉 in the FBMSSM. Blue circle: SM, green diamond: FBMSSMI, red square:
FBMSSMII , orange triangle: FBMSSMIII.
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Figure 10: The observables S4, S5 and Ss
6 in the SM (blue band) and the three FBMSSM scenarios

FBMSSMI,II,III.

asymmetry 〈A7〉. One observes that large effects in 〈A7〉 are correlated with large shifts in
the zeros towards lower values.

In order to identify signs in the CP asymmetries which are favoured in this model one
must include additional observables in the analysis. To this end we also investigate the direct
CP asymmetry in the b → sγ decay ACP(b → sγ), the electric dipole moments of the electron
and the neutron de and dn and the mixing induced CP asymmetry SφKS

. We recall that
in [62] striking correlations between these observables have been found. In particular, the
desire to explain the anomaly observed in SφKS

through the presence of flavour conserving
but CP-violating phases implied a positive ACP(b → sγ), by an order of magnitude larger
than its SM tiny value and de, dn at least as large as 10−28 e cm.

The left plot of Fig. 12 shows the correlation between 〈A7〉 and SφKS
. We find that a value

of SφKS
$ 0.44, as indicated by the present data [85], implies a negative value for 〈A7〉 in the

range [−0.2, −0.05] and then also a positive value for 〈A8〉 in the range [0.03, 0.11]. In addition
to the two scenarios discussed above, we have chosen also a third scenario, FBMSSMIII,
indicated as orange triangle in the plots of Figs. 9, 11 and 12, that gives SφKS

close to the
experimental value. This scenario is shown in Figs. 9 and 10 as the orange bands and we find
that while one still can get almost maximal effects in 〈A7〉 and 〈A8〉 the effects in S4, S5 and
Ss

6 are much less pronounced.
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Figure 5: Left: Experimental constraints on the NP contribution to C7. The blue circles show the
constraint from the central and ±2σ values of BR(B → Xsγ), assuming C ′NP

7 = 0. The black circle

corresponds to the 2σ bound from BR(B → Xs#
+#−), assuming C

(′)NP
10 = 0. The solid thick and

the dotted lines have been obtained assuming SM and SM±25% values for C9, respectively. Right:
Correlation of the zero in Ss

6 with the NP contribution to Re(C7). The blue, red and green bands
indicate SM, SM+25% and SM−25% values for C9 with the associated theoretical uncertainty. The
vertical dashed lines correspond to the upper and lower bounds on Re(C7) in the absence of an
imaginary part of C7. (The corresponding points in the left-hand plot are highlighted by red dots.)
For an arbitrary imaginary part, the upper bound on Re(C7) is removed, and q2

0(S
s
6) can be at or

below 1GeV2.

positive contributions to Re(C7), which are allowed in the presence of phases in CNP
7 , then

unambiguously shift the zeros of S4, S5 and Ss
6 towards lower values. In the right-hand plot

in Fig. 5, we show as an example that the allowed range for q2
0(S

s
6) is greatly enhanced in the

case of complex C7.
This analysis can also be applied to Ss

6, which depends strongly on C7 and C9. We examine
the dependence of q2

0(S
s
6) on NP contributions to C9 and C7. This again is restricted by the

experimental value of the branching ratio of B → Xsγ. We find a strong dependence on C9,
and for real values of C7 this would be a clean way to determine infomation about a possible
NP contribution to C9 as seen in Fig 4. Again, if NP induces a complex phase of C7, the
range in q2

0(S
s
6) increases dramatically.

It is a greater challenge to extract information about the Wilson coefficients from S5 due
to its dependence on C7, C ′

7, C9 and C ′
10. However, a measurement of q2

0(S5) could provide
a consistency check with C10 − C ′

10 and C9 determined from S4 and S6, provided C7, C ′
7 are

real. In addition, this might allow one to untangle the effects of CNP
10 and C ′NP

10 in Fig. 4.

6.2.3 Impact of Scalar Currents

As mentioned in the introduction, the impact of the scalar and pseudoscalar operators O(′)
S,P

on the angular distribution of B → K∗(→ Kπ)µ+µ− has been considered before [43], and no
relevant effects on the observables of interest were found. However, as shown in Sec. 3.2, the
inclusion of lepton-mass effects10, which were neglected in previous studies, gives rise to an

10We stress that we restricted ourselves to muons in our numerical analysis.

32

SM ±25% refers to
a 25% change in C9.
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Bd → K ∗0µ+µ− differential branching fraction
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Theory prediction from C. Bobeth et al. [arXiv:1105.0376] (and references therein)
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Bd → K ∗0µ+µ− differential branching fraction
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Bd → K ∗0µ+µ− forward-backward asymmetry

]4c/2 [GeV2q
0 5 10 15 20

F
B

A

-1

-0.5

0

0.5

1

Theory Binned theory
LHCb

Preliminary
LHCb

T. Blake LHCb overview 18 / 59



Bd → K ∗0µ+µ− forward-backward asymmetry
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Bd → K ∗0µ+µ− fraction of longitudinal polarisation of the K ∗0
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Bd → K ∗0µ+µ− fraction of longitudinal polarisation of the K ∗0

]4c/2 [GeV2q
0 5 10 15 20

L
F

0

0.2

0.4

0.6

0.8

1

Preliminary
LHCb

Theory Binned theory
LHCb CDF BELLE BaBar

T. Blake LHCb overview 21 / 59



Bd → K ∗0µ+µ− transverse asymmetry
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Bd → K ∗0µ+µ− transverse asymmetry
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Bd → K ∗0µ+µ− T-odd asymmetry
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Bd → K ∗0µ+µ− T-odd asymmetry
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Why don’t we go to the kinematic limit of q2 = (mB −mX )2 ?

In our B → Xµ+µ− analyses we typically limit the range of q2 to be
less than the kinematically allowed region (e.g. Bd → K ∗0µ+µ−,
0.05 < q2 < 19.0GeV2/c4). Why?

Using B+ → K+µ+µ− as an
example, at the end-point of the q2

spectrum, q2 = (mB −mK+)2, the
K+ ends up being soft and collinear
with the Bd .

→ K+ has little or no impact
parameter.

Experimentally it can be difficult to
understand the efficiency at this
point.

PV

µ+

µ−

K+

B+

IPµ+
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Zero-crossing point of the forward-backward asymmetry

In the SM, AFB varies with q2 and
changes sign at a well defined point
where leading uncertainties from the
B → K ∗0 form-factors cancel.

Estimate zero-crossing point by
fitting forward- and backward-going
events separately.

Gives: q2
0 = 4.9 +1.3

−1.1 GeV2/c4

c.f. SM predictions in the range
3.9 - 4.3GeV2/c4.

)4/c2 (GeV2q
2 4 6

 )4
/c2

E
ve

nt
s 

/ (
 0

.2
 G

eV

0

5

10

15 Preliminary
LHCb

)4/c2 (GeV2q
2 4 6

F
B

A

-1

-0.5

0

0.5

1
Theory Counting Experiment Unbinned

Preliminary
LHCb

forward-going candidates

(LHCb preliminary)

T. Blake LHCb overview 27 / 59



Other on-going b → s`+`− analyses

On-going analyses for:

- B+ → K+µ+µ− angular analysis (FH and AFB) and differential
branching fraction (with ∼ 1000 candidates).

- Bd → K 0
S µ

+µ− differential branching fraction.
- B+ → K∗+µ+µ− differential branching fraction.
- Λb → Λ(∗)µ+µ− differential branching fractions.
- CP asymmetries.
- Bd → K∗0e−e− at low-q2.

and many more . . .
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b → d`+`− processes (?)
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What can we do with b → dµ+µ− processes?

Could also envisage models with FCNC outside the CKM structure:

i.e. b → d versus b → s not suppressed by |Vtd/Vts |2.

With a >∼ 1 fb−1 data set LHCb can have sensitivity to some of the
Cabibbo suppressed modes.
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B+ → π+µ+µ−

Very rare decay with SM
branching fraction of
(2± 0.2)× 10−8.

Hai-Zhen et al.
[Commun. Theor. Phys. 50].

Previous best limit from Belle:

B(B+ → π+µ+µ−) < 6.9×10−8

[PRD 78 (2008)].
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LHCb observes 25.3 +6.7
−6.4 candidates in 1 fb−1.

B(B+ → π+µ+µ−) = (2.4± 0.6± 0.2)× 10−8 LHCb Preliminary

→ Observation of B+ → π+µ+µ− at 5.2σ (rarest observed B decay).

[LHCb-CONF-2012-006]
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B+ → π+µ+µ− (a few details)

Branching fraction is normalised
with respect to high statistics
B+ → J/ψK+ sample.

Multivariate selection is used to
reject combinatorial background.

Main challenges are to remove
combinatorial background and
background from B+ → K+µ+µ−

with K → π mis-id and to account
for partially reconstructed decays.

NB Can use B+ → J/ψπ+ to
understand the fitting and take
shapes where possible from the
data.
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Meson and Baryon lifetimes
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B meson and baryon lifetimes

Preliminary measurement have been made with 36 pb−1 of integrated
luminosty, using lifetime unbiased selection and trigger.

NB Bs lifetime measured with Bs → J/ψφ candidates using a single
exponential fit (i.e. ignoring ∆Γs).
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Example: Λb lifetime
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Figure 4: B0
s mass (left) and proper time (right) projections of the two-dimensional fit to

the B0
s→ J/ψφ candidates. The total fit is represented by the blue solid line, the signal

contribution by the green dashed line and the background contribution by the red dashed
line. The mass range for the fit is m ∈ [5.20, 5.55] GeV/c2.
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Figure 5: Λb mass (left) and proper time (right) projections of the two-dimensional fit to
the Λb → J/ψΛ candidates. The total fit is represented by the blue solid line, the signal
contribution by the green dashed line and the background contribution by the red dashed
line. The mass range for the fit is m ∈ [5.47, 5.77] GeV/c2.
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Figure 10: Λb mass (left) and proper time (right) projections of the two-dimensional fit to
the Λb → J/ψΛ candidates with t > 0.3 ps. The total fit is represented by the blue solid
line, the signal contribution by the green dashed line and the background contribution by
the red dashed line. The mass range for the fit is m ∈ [5.47, 5.77] GeV/c2.
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B meson and baryon lifetimes

In 36 pb−1 LHCb measures (Preliminary)

6 Conclusions

Using a sample of approximately 36 pb−1 collected with the LHCb detector in 2010 at a
centre-of-mass energy of 7 TeV, we extract the main b-hadron lifetimes in the exclusive
final states B+→ J/ψK+, B0→ J/ψK∗0, B0

s→ J/ψφ, B0→ J/ψK0
S and Λb → J/ψΛ with

J/ψ → µ+µ−. The trigger and offline event selections have been optimized to reduce the
effect of a possible lifetime bias.

The results extracted from a two-dimensional unbinned maximum likelihood fit to the
reconstructed b-hadron candidate invariant mass and proper time distributions are

τ(B+→ J/ψK+) = 1.689 ± 0.022 ± 0.047 ps ,
τ(B0→ J/ψK∗0) = 1.512 ± 0.032 ± 0.042 ps ,
τ(B0→ J/ψK0

S ) = 1.558 ± 0.056 ± 0.022 ps ,
τ single(B0

s→ J/ψφ) = 1.447 ± 0.064 ± 0.056 ps ,
τ(Λb → J/ψΛ) = 1.353 ± 0.108 ± 0.035 ps .

where τ single(B0
s → J/ψφ) is the lifetime measured with B0

s → J/ψφ using a single ex-
ponential to model the proper time distribution, i.e., ignoring the non-zero decay-width
difference of the B0

s system.
The systematic uncertainties are dominated by our imperfect knowledge of the de-

pendence of the event reconstruction efficiency on proper time. We are currently using
simulation to more precisely determine the acceptance effects arising from different steps
of the event reconstruction and pin down their exact origins. Efforts are also being made to
improve agreement between data and simulation. We are confident that this uncertainty
can be largely reduced in the future.

Our measurements are in agreement with the world averages, but not yet competitive.
We expect that with more data collected in the course of 2011, LHCb will significantly
improve the accuracy of these measurements.

11

which are compatible with but not quite competitive with world
averages, e.g. τΛ0

b
= 1.391 +0.038

−0.037 (PDG).

Systematic uncertainty is dominated by understanding of the event
reconstruction efficiency with proper time. Observe a reduced
efficiency for tracking with high-IP tracks.

[LHCb-CONF-2011-001]
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φs , ∆Γs and ∆ms
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∆ms from Bs → D+
s π

Measure ∆ms in flavour-tagged time-dependent analysis of Bs → Dsπ
events, where Ds → φπ and Ds → K+K−π.

valuable cross check of the procedure.
The statistical power of the tagging is determined by the “effective” tagging efficiency

for signal events and is defined as

εeff = εs ×
1∑
i Wi

∑

i

(1− 2ω(ηi))
2 ×Wi, (4)

where the signal tagging efficiency εs is a free parameter in the fit of the oscillation
frequency described in the next section. Wi is the probability for being a signal event as
determined by the invariant mass and decay time PDFs. The index i runs over all B0

s

candidates.

6 Measurement of the oscillation frequency

To determine the oscillation frequency, ∆ms, the decay time PDF for signal candidates
with tagging information is modified in the following way:

Pt(t, q|σt, η) ∝
{
Γse

−Γs t 1

2

[
cosh

(
∆Γs

2
t

)
+ q [1− 2ω(η)] cos(∆mst)

]
θ(t)

}

⊗ G(t, Sσt σt) ε(t) εs. (5)

The decay time PDF for untagged signal events is given by Eq. (3) multiplied by an
additional factor (1 − εs). The calibration parameters a and b of the mistag probability
ω(η) are identical for all signal and b decay background components. Within Gaussian
constraints they are set to the values found in the calibration described in the previous
section. The signal tagging efficiency εs for the B0

s→ D−
s π

+ and B0
s→ D−

s π
+π−π+ modes

are two separate parameters in the fit. The same values of εs are however used for signal
and b decay background components in each of these two categories. In the description of
the combinatorial background a separate parameter for the tagging efficiency is introduced
for each of the four modes. In addition, tagging asymmetry parameters are introduced
in the PDFs for the combinatorial background, to allow for a different number of events
tagged as B0

s or B0
s in each mode. As expected the fit results for these asymmetries are

compatible with zero.
The fit for the oscillation frequency ∆ms is performed simultaneously to all four B0

s

decay modes and gives ∆ms = 17.63 ± 0.11 ps−1 (statistical uncertainty only). Signal
tagging efficiencies of εs = (23.6 ± 1.3) % and εs = (17.6 ± 3.2) % are found for the
B0

s→ D−
s π

+ and B0
s→ D−

s π
+π−π+ modes, respectively. The combined effective tagging

efficiency for all four modes is εeff = (3.8 ± 2.1) %. The likelihood profile as a function of
the assumed oscillation frequency ∆ms is shown in Fig. 3. The statistical significance of
the signal is evaluated to be 4.6σ by comparing the likelihood value at the minimum of
the fit with that found in the limit ∆ms = ∞.

To illustrate the oscillation pattern, we define the time dependent mixing asymmetry
as

8

Effective tagging efficiency,
εeff,SS = 1.3± 0.4% and
εeff,OS = 2.1± 0.2%.

In 0.34 fb−1:

∆ms = 17.725± 0.041± 0.026ps−1

Dominant systematic is from
z−scale of the detector.

∆ms from B0
s → Dsπ using 340 pb−1

∆ms = 17.725 ± 0.041 ± 0.026 ps−1.

Same-side kaon tagger is working, further optimization ongoing.

εeff ,SSK = 1.3 ± 0.4%, εeff ,OSK = 2.1 ± 0.2%.

2 / 14

[LHCb-CONF-2011-050]

(LHCb Preliminary)
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Measuring φs

Interference between mixing and decay gives
rise to a ��CP phase: φs = φm − 2φd .

φSM
s = −2arg

(
VtsV ∗tb
VcsV ∗cb

)
= 0.036± 0.002 rad

B0
s

B̄0
s

J/ψφ

φm

φd

−φd

Charles et al. [Phys. Rev. D84 (2011) 033005]
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Measuring φs with Bs → J/ψφ and Bs → J/ψ f0

Bs → J/ψφ:

Mixture of CP-odd and CP-even
final state.

Need to perform a time dependent
angular analysis to separate CP
states and measure φs .

Bs → J/ψπ+π−:

Region of π+ π− mass around the f0 gives a CP-odd final state. Can
measure φs from fits to the Bs and Bs lifetime.
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Measuring φs with Bs → J/ψφ
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[LHCb-CONF-2012-002]
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φs result

Bs → J/ψφ:

φs = 0.00± 0.10± 0.03 rad
∆Γs = 0.12± 0.02± 0.01 ps−1

(Preliminary)
[LHCb-CONF-2012-002]

Bs → J/ψπ+π−:

φs = −0.02± 0.17± 0.02 rad
[LHCb-PAPER-2012-006]

Combination φs = 0.00± 0.08± 0.03 rad (LHCb Preliminary)

Two-fold ambiguity ∆Γs → −∆Γs and φs → φs + π resolved using
Bs → J/ψK+K− and S-wave interference. [LHCb-PAPER-2011-028]

[LHCb-CONF-2012-002 + LHCb-PAPER-2012-006]
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Lifetime measurements and φs

Can also constrain ∆Γs and φs
using effective lifetime
measurements of:

- Bs → J/ψ f0 (CP-odd)
- Bs → K+K− (CP-even)

with an untagged analysis.

τK+K− = 1.44± 0.10± 0.01ps
LHCb, PLB 707 (2012)

τJ/ψ f0 = 1.70 +0.12
−0.11 ± 0.03ps

CDF, PRD 84 (2011)

R. Fleischer et. al. [arXiv:1109.5115]
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Figure 2: The measurements of the effective B0
s → K+K− and B0

s → J/ψf0 lifetimes
projected onto the φs–∆Γs plane. Left panel: analysis of the current data, where the
shaded bands give the 1σ uncertainties of the lifetimes; the 39% confidence regions
originating from a χ2 fit are also shown. Right panel: illustration of how the situation
improves for unchanged central values if the uncertainties were improved to 1% accuracy,
including also the constraint from the theoretical value of ∆ΓSM
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Figure 3: Illustration of the errors of the hadronic phase shifts ∆φK+K− and ∆φJ/ψf0 on
the contours in the φs–∆Γs plane for the central values of the lifetime measurements.
We also shown the impact of the present error of the Bs lifetime.
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LHCb update for Bs → K+K− with 1 fb−1, using a lifetime unbiassed
trigger and offline selection:

1.468± 0.046(stat) ps
LHCb Preliminary

[LHCb-CONF-2012-001]
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Meson and Baryon masses
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Mass measurements in LHCb

LHCb profits from large tracking
volume + large integral field.

With a dedicated alignment
programme can reach 2× 10−4

on momentum scale (calibrated
using J/ψ → µ+µ− decays).

NB Momentum scale becomes
dominant systematic for many
high mass states (can also look
at decays with small q-value).
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Meson masses

With 35 fb−1 measure:

Table 4: LHCb measurements, compared to both the best previous measurements and the
results of a global fit to available b-hadron mass data [3]. The quoted errors include statistical
and systematic uncertainties. All values are in MeV/c2.

LHCb Best previous
Quantity

measurement measurement
PDG fit

M(B+) 5279.38 ± 0.35 5279.10 ± 0.55 [4] 5279.17 ± 0.29
M(B0) 5279.58 ± 0.32 5279.63 ± 0.62 [4] 5279.50 ± 0.30
M(B0

s ) 5366.90 ± 0.36 5366.01 ± 0.80 [4] 5366.3 ± 0.6
M(Λ0

b) 5619.19 ± 0.76 5619.7 ± 1.7 [4] –
M(B0)−M(B+) 0.20 ± 0.20 0.33 ± 0.06 [15] 0.33 ± 0.06
M(B0

s )−M(B+) 87.52 ± 0.32 – –
M(Λ0

b)−M(B+) 339.81 ± 0.72 – –
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B+
c mass

B+
c mass measured using

B+
c → J/ψπ+ decays in 35 pb−1

of integrated luminosity.

Preliminary result:

M(B+
c ) = 6268.0±4.0±0.6MeV/c2

c.f. PDG (2010) average of
6277± 6MeV/c2

Bc Mass Measurement LHCb-CONF-2011-027
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! Fit with Gaussian + exponential 

background

M(Bc
+) = 6268.0±4.0(stat)±0.6(syst) MeV

Preliminary

[1]

[3]

[2]

[1] CDF Collaboration, Phys. Rev. Lett. 100 (2008) 182002

[2] D0 Collaboration, Phys. Rev. Lett. 101 (2008) 012001

[3] CDF Collaboration, Phys. Rev. Lett. 81 (1998) 2432

[4] Particle Data Group, J. Phys. G37 (2010) 075021

[4]

!"!#$#%#&'()*

[LHCb-CONF-2011-027]

T. Blake LHCb overview 47 / 59



Beautiful baryons

Seven ground state b-baryons:

- Σ0
b unobserved.

- Ξ0
b recently observed at CDF.

Large b-Baryon production at the LHC:

σ(pp → bbX ) = 75.3± 5.4± 13.0µb

in 2 < η < 6 [LHCb-PAPER-2010-002].

Estimate fΛ/(fu + fd) using semileptonic
decays (Λ+

c µ
− vs D0µ− and D+µ−)

to be ∼ 0.4 at (pT = 0) and ∼ 0.25
(pT = 10GeV/c).

[LHCb-PAPER-2011-018]
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Figure 4: The logarithm of the IP distributions for (a) RS and (c) WS Λ+
c candidate

combinations with a muon. The grey-dotted curves show the false Λ+
c background, the

small red-solid curves the Prompt yields, the blue-dashed curves the Dfb signal, and the
larger green-solid curves the total yields. The invariant pK−π+ mass spectra for RS
combinations (b) and WS combinations (d) are also shown.
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Λ+
c in Λ+

c µ
− combinations
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Ξ−b and Ω−b
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Using 0.62 fb−1 measure (LHCb Preliminary):

MΞ−b
= 5796.5± 1.2± 1.2MeV/c2

MΩ−b
= 6050.3± 4.5± 2.2MeV/c2

MΩ−b
−MΞ−b

= 253.9± 4.8± 1.2MeV/c2

Systematic uncertainty is dominated by the momentum scale.

[LHCb-CONF-2011-060]
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Ξ0
b

First observation by CDF,
[PRL 107 (2011)].

Search in the channel
Ξ0

b → D0pK−, with 0.33 fb−1.

Observe hint of a signal with
2.6σ significance.
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Figure 6: D0pK− invariant mass spectrum
and result of its fit. Points with error bars
are the data, hatched areas are the dif-
ferent components in the fit model as de-
tailed in the legend.

Figure 7: Λ0
b → D0pK− Dalitz plot for

events in signal window (±25 MeV/c2

around Λ0
b mass).
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Figure 8: Invariant masses of (a) D0p and (b) pK− combinations in the Λ0
b → D0pK−

decay. Points with error bars are the data from the signal window |M(D0pK−)−m(Λ0
b)| <

25 MeV/c2, and the solid histogram is rescaled data from the Λ0
b sidebands region 25 <

|M(D0pK−) − m(Λ0
b)| < 120 MeV/c2.

9

∆MΞ0
b

= MΞ0
b
−MΛ0

b
= 181.8± 5.5± 0.5MeV/c2

MΞ0
b

= 5802.0± 5.5± 1.7MeV/c2

MΞ0
b

= 5787.8± 5.0± 1.3MeV/c2

(LHCb Preliminary)

[LHCb-CONF-2011-036]
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Orbitally excited B∗∗(s) states

Perform search for B∗∗(s) states in

B±K∓, B±π∓ and B0π±

channels with 0.33 fb−1.

Photons from B∗ are not
reconstructed → shifted
Q-values.
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[LHCb-CONF-2011-053]

B0
s1 → B∗+K− B∗0

s2 → B+K−
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B∗∗(s) masses

No direct detrmination of quantum numbers. Matching to expected
states from HQET.

LHCb Preliminary result:

Table 5: Changes in negative log likelihood (∆NLL) between different fits to the B+ +
kaon sample.

B+ + kaon
∆NLL significance

Nominal fit 0 N/A
B0

s1 → B∗+K− +78.3 12.5σ
B∗0

s2 → B+K− +241.6 22σ
B∗0

s2 → B∗+K− -4.5 3σ

(B∗+
2 → B0π+) decay. We measure the Q values to be

QB0
s1

= (10.36 ± 0.08stat ± 0.13syst) MeV/c2 ,

QB∗0
s2

= (66.82 ± 0.13stat ± 0.17syst) MeV/c2 ,

QB0
1

= (259.6 ± 1.7stat ± 2.0syst) MeV/c2 ,

QB+
1

= (261.4 ± 1.9stat ± 3.0syst) MeV/c2 ,

QB∗0
2

= (319.9 ± 1.2stat ± 1.3syst) MeV/c2 ,

QB∗+
2

= (319.9 ± 3.3stat ± 1.6syst) MeV/c2 ,

which are translated into masses by adding the the PDG massses of the product mesons
and, in the case of the B0

(s)1 states, the B∗–B mass difference:

MB0
s1

= (5828.99 ± 0.08stat ± 0.13syst ± 0.45B mass
syst ) MeV/c2 ,

MB∗0
s2

= (5839.67 ± 0.13stat ± 0.17syst ± 0.29B mass
syst ) MeV/c2 ,

MB0
1

= (5724.1 ± 1.7stat ± 2.0syst ± 0.5B mass
syst ) MeV/c2 ,

MB+
1

= (5726.3 ± 1.9stat ± 3.0syst ± 0.5B mass
syst ) MeV/c2 ,

MB∗0
2

= (5738.6 ± 1.2stat ± 1.2syst ± 0.3B mass
syst ) MeV/c2 ,

MB∗+
2

= (5739.0 ± 3.3stat ± 1.6syst ± 0.3B mass
syst ) MeV/c2 ,

where the third source of uncertainty is from the inputs from the PDG [8]. All masses
are in good agreement with the theoretical predictions [1, 2, 3]. The masses of the B+

1 ,
B∗+

2 mesons are measured for the first time and are consistent with those of the isospin
partners.
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The masses of B+
1 and B∗+2 are measured for the first time.

NB Masses of Isospin partners are compatible.
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Semileptonic b-decays
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Semileptonic b-decays at LHCb

Semileptonic Bd , B+, Bs and Λb decays have been extensively used
to understand bb production and Bd/B

+/Bs/Λb hadronisation
fractions in LHCb.
Ongoing programme to measure:

1. Exclusive Cabibbo favoured and suppressed decays (including Bs and
Λb), probing form-factors and CKM parameters:

- e.g. Vub from Bs → Kµν.

2. Semileptonic asymmetry, Asl .

Can perform neurtino
‘reconstruction’ (with two-fold
using ambiguity) using B
pointing constraints to separate
different semileptonic
contributions.

Phillip Urquijo    CKM 2010
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Very clean signature for CKM studies! 
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Charm prospects at LHCb

LHCb is not just a place to study B decays / production.

Also have prolific charm production:

σcc ∼ 20× σbb.

→ Charm mixing and CP violation (yCP , AΓ, ACP), charm rare decays,
charm semileptonic decays, charm masses and D∗∗(s) spectroscopy.
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Outlook and Summary
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Outlook

Current analyses are based on
2010 dataset (36 pb−1),
Summer 2011 dataset
(0.33 fb−1) or full 2011 dataset
(1 fb−1).

Updates of many analyses to the
full 2011 dataset are ongoing.

In 2012 expect to record an
integrated luminosity of
∼ 1.5 fb−1 at

√
s = 8TeV.
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Summary

Excellent performance from
LHC and LHCb in 2011.

Large number of new heavy flavour
results presented this year. More to
come at the Spring & Summer
conferences.

Feedback from the theory
community is very welcome!
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BACKUP
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The LHCb detector

→←

Forward arm spectrometer
covering 2 < η < 5.

θb̄ θb

bb̄ production through
gluon fusion

T. Blake LHCb overview 62 / 59



The LHCb detector

The result is applicable to all modes considered
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LHCb Preliminary

r − φ vertex detector that approaches
within 8mm of the beam line +

large boost → στ ∼ 45 fs

RICH detectors → K/π/p separation
from 2 < p < 100GeV/c
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Needle in a haystack?

Challenge is to trigger on,
reconstruct and cleanly

select the decays . . .

. . . in the busy Hadronic environment
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Exotics: X(3872) and X(4140)

X3872 [LHCb-PAPER-2011-034]:

Measure mass of prompt X(3872):

MX (3872) = 3871.95±0.48±0.12MeV/c2

Not yet at the level of Belle
[PRD 84 (2011)].

X4140 [LHCb-PAPER-2011-033]:

Search for X(4140) in B+ → J/ψφK+

decays in 0.37 fb−1.

Do not confirm excesses seen by CDF
[arXiv:1101.6058].
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Figure 1: Invariant mass distribution of J/ψπ+π− (black points with statistical error bars) and
same-sign J/ψπ±π± (blue filled histogram) candidates. The solid red curve is the result of the
fit described in the text. The inset shows a zoom of the X(3872) region.

Table 1: Results of the fit to the J/ψπ+π− invariant mass distribution of Fig. 1.

Fit parameter or derived quantity ψ(2S) X(3872)
Number of signal events 3998± 83 565± 62
Mass m [ MeV/c2] 3686.10± 0.06 3871.88± 0.48
Resolution σ [ MeV/c2] 2.54± 0.06 3.33± 0.08
Signal-to-noise ratio in ±3σ window 1.5 0.15
Number of background events 73094 ± 282

a mixture of fully simulated Monte Carlo signal events and same-sign background events
taken from the data. The fit results are shown in Fig. 1 and Table 1. The fit does not
account for QED radiative corrections and hence underestimates the masses. Using a
simulation based on Photos [19] the biases on the X(3872) and ψ(2S) masses are found
to be −0.07 ± 0.02 MeV/c2 and −0.02 ± 0.02 MeV/c2 respectively. The fitted mass values
are corrected for these biases and the uncertainties propagated in the estimate of the
systematic error.

Several other sources of systematic effects on the mass measurements are considered.
For each source, the complete analysis is repeated (including the track fit and the momen-

4

a width of 32.3 MeV [2] does not affect the X(4140) yield. Reflections of Kφ reso-
nances [23, 24] and possible broad J/ψφ resonances can also contribute near and under
the narrow X(4140) resonance. To explore the sensitivity of our results to the assumed
background shape, we also fit the data in the 1020 − 1400 MeV range with a quadratic
function multiplied by the efficiency-corrected three-body phase-space factor (Fbkg

2 ) to
impose the kinematic threshold. The preferred value of the X(4140) yield is 0.6 events
with a positive error of 7.1 events. This fit is shown in Fig. 3(b).
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Figure 3: Distribution of the mass difference M(J/ψφ) −M(J/ψ ) for the B+ → J/ψφK+ in
the B+ (±2.5σ) and φ (±15 MeV) mass windows. Fit of X(4140) signal on top of a smooth
background is superimposed (solid red line). The dashed blue (dotted blue) line on top illustrates
the expected X(4140) (X(4274)) signal yield from the CDF measurement [2]. The top and
bottom plots differ by the background function (dashed black line) used in the fit: (a) an

efficiency-corrected three-body phase-space (Fbkg
1 ); (b) a quadratic function multiplied by the

efficiency-corrected three-body phase-space factor (Fbkg
2 ). The fit ranges are 1030–1400 and

1020–1400 MeV, respectively.

A similar fit was performed to simulated B+ → X(4140)K+ data to estimate

5
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Bd → K∗0γ
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ACP(Bd → K ∗0γ)

SM prediction for CP asymmetry:

ACP = −0.006± 0.004 [arXiv:0406055]

Previous best measurement from BABAR:

ACP = −0.016± 0.022± 0.007 [PRL 103 (2009)]

ACP (Bd → K∗0γ) = ARAW
CP (Bd → K∗0γ)− Aprod.(Bd )− Adet.(Kπ)

= 0.008± 0.017(stat)± 0.009(syst) [Preliminary]

Measurement of ACP B!K*!
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correction uncertainty
Background model : ∆Abkg −0.002 ±0.007
Detection : −AD(Kπ) +0.010 ±0.002
Magnet polarity : ∆AM +0.001 ±0.002
B0 production : −κAP(B0) −0.004 ±0.005
Total +0.005 ±0.009

most precise measurement!

SM prediction:                                    Experimental status:

           ACP = -0.0061±0.0043 

CLEOII BABAR Belle
ACP +0.08± 0.13± 0.03 −0.016± 0.022± 0.007 0.015± 0.044± 0.012

Correction by detector and production asymmetries:

PRL 84 (2000)             PRL 103 (2009)         RD 68 (2004)                  [arXiv:0406055]  

ACP (B
0→ K∗0γ) = 0.008± 0.017(stat)± 0.009(syst)

ACP (B
0→ K∗0γ) = ARAW(B0→ K∗0γ)−AD(Kπ)− κAP(B

0)

LHCb-CONF-2012-004

Also collecting large samples of Bs decays. Observe 240 Bs → φγ
candidates in 0.37 fb−1 [LHCb-PAPER-2011-042].

γ

b sW

t

[LHCb-CONF-2012-004]
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Sensitivity to NP through rare decays

Operator Oi B → K∗0γ B → K∗0µ+µ− B → µ+µ−

O7 ∼ mb(s̄LσµνbR)Fµν X X

O9 ∼ (s̄b)V−A(¯̀̀ )V X

O10 ∼ (s̄b)V−A(¯̀̀ )A X X

OS,P ∼ (s̄b)S+P(¯̀̀ )S,P X

In the SM:

CS ,P ∝ m`mb/m
2
W ∼ 0.

Helicity flipped operators (C′iO
′
i ) suppressed by ms/mb.
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Bd → K ∗0µ+µ− mµ+µ− versus mK+π−µ+µ−

)2 (MeV / cµµπKm
5000 5200 5400 5600 5800

)2
 (

M
eV

 / 
c

µµ
m

0

1000

2000

3000

4000

LHCb Preliminary

ψ(2S)

J/ψ

Partially reconstructed backgrounds

T. Blake LHCb overview 69 / 59



Towards a measurement of γ
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CKM picture

CKM picture seems to describe
nature remarkably well.

But Have just been discussing the
possible effects from NP to
loop-order processes. The
picture from tree-level is much
less complete . . .
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How can we access γ

Access CKM phase γ through interference
of b → u and b → c transitions in decays
with a common final state.

One way is through B± → DK± decays,
where the D0 and D0 decay to common
final states:

- D0,D0 → π+π− or K+K− (GLW)
see e.g. [PLB 265 (1991)]

- D0,D0 → K+π− (ADS)
[PRL 78 (1997)]

(         )

b
u u

u

c

sB!
Vcs

b
u u

c

u

s

B!

Vus

Vcb

• Need a b!c and b!u transition of similar probability and a common final state

relative amplitude:

Vus Vcb

VubVcs
*

* fcol Vus Vcb

VubVcs
*

*
arg

D0

D0

Vub

16

K!

K! D0/D0
" K+K-

" #+#-

suppressed

favoured

rB $ 0.1

How could we measure ! ?

= !

*

*

= rB

relative strong phase:

= %B

(     )Vcb

Vub= arg -
*

*

weak phase difference:

ADS mode is experimentally challenging:

- It’s a fully hadronic B decay with an effective branching fraction of
2× 10−7!
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CP mode with D → π+π−
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Suppressed ADS modes
 )

2
c

E
v
e
n
ts

 /
 (

 5
 M

e
V

/

5

10

15

 )
2

c
E

v
e
n
ts

 /
 (

 5
 M

e
V

/

5

10

15

 
­

K
D

]
+

K­π[→
­

B

LHCb

 
+

K
D

]
­

K
+

π[→
+

B

LHCb

5200 5400 5600
0

10

20

30

40

5200 5400 5600
0

10

20

30

40

 ­π
D

]
+

K­π[→
­

B

LHCb

)2c) (MeV/±
Dh(m

5200 5400 5600
)2c) (MeV/±

Dh(m

5200 5400 5600

 
+

π
D

]
­

K
+

π[→
+

B

LHCb

RADS 10σ and AADS 4σ

First observation of the ADS mode

[LHCb-PAPER-2012-001]

T. Blake LHCb overview 74 / 59



Towards a measurement of γ

What do AADS and ACP+ tell us about γ?

ACP+ =
2rB sin δB sin γ

1 + r2
B ± 2rB cos δBcos γ

= 0.145± 0.032± 0.010,

AADS =
2rB rD sin(δB + δD)sin γ

r2
B + r2

D + 2rB rD cos(δB + δD)cos γ
= −0.52± 0.15± 0.02,

RCP+ =1 + r2
B + 2rB cos δBcos γ = 1.007± 0.038± 0.012,

RADS =
r2
B + r2

D + 2rB rD cos(δB + δD)cos γ

1 + r2
B r

2
D cos(δB − δD)cos γ

= 0.0152± 0.0020± 0.0004

Combine with GGSZ modes (B− → DK−, D → K 0
S π

+π−) to
estimate γ.

(LHCb Preliminary)

[LHCb-PAPER-2012-001]
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Anatomy of the Bd → K ∗0µ+µ− decay

Anatomy of the decay was explained in detail by Christoph yesterday.
Described by 12 angular terms:

d4Γ

d cos θ` d cos θK dφ dq2
∝
[
Js1 + Jc1 + (Js2 + Jc2 ) cos 2θ` + J3 sin2 θ` cos 2φ +

J4 sin 2θ` cosφ+ J5 sin θ` cosφ +

J6 cos θ` + J7 sin θ` sinφ+ J8 sin 2θ` sinφ +

J9 sin2 θ` sin 2φ
]

Some possibility to access S4, S5, S7 and S8 using other folding
techniques. See A. Bharucha & W. Reece [arXiv:1002.4310].
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Opposite side flavour tagging and proper time resolution

Opposite side tagging (µ, K , e and
vertex charge) calibrated using
Bd → D∗−µ+νµ, B+ → J/ψK+ and
Bd → J/ψK ∗0 events.

Performance is typically εD2 ∼ 2− 3%.

Work ongoing to improve tagging
performance and to include same-sign
tagging.

Propertime resolution measured in data
using prompt events (τ = 0):

στ ∼ 45 fs (c.f. ∼ 350 fs period of Bs).

In practice per-event resolutions and
mistag probabilities are used in time
dependent + tagged analyses.
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Figure 3: Raw mixing asymmetry of B0→ D∗−µ+νµ events in the signal mass region when
using the combination of all OS taggers. Black points are data and the red solid line is the result
of the fit. The lower plot shows the pulls of the residuals with respect to the fit.

B0 candidates are required to have a decay time higher than 0.3 ps to remove the large
combinatorial background due to prompt J/ψ production. The sample contains ∼ 33 000
signal events.

The decay time distribution of signal events is parametrized as in Eq. 7, without the
acceptance correction. The background contribution, with a background to signal ratio
B/S ∼ 0.29, is due to misreconstructed b-hadron decays, where a dependence on the
decay time is expected (labelled “long-lived” background). We distinguish two long-lived
components. The first corresponds to events where one or more of the four tracks originate
from a long-lived particle decay, but where the flavour of the reconstructed K∗0 is not
correlated with a true b-hadron. Its decay time distribution is therefore modelled by a
decreasing exponential. In the second long-lived background component, one of the tracks
used to build the K∗0 originated from the primary vertex, hence the correlation between
the K∗0 and the B flavour is partially lost. Its decay time distribution is more “signal-
like”, i.e. it is a decreasing exponential with an oscillation term, but with different mistag
fraction and lifetime, left as free parameters in the fit.

The signal and background decay time distributions are convolved with the same
resolution function, extracted from data. The mass distributions, shown in Fig. 4, are
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Bd → D∗−µ+νµ
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∆ms from Bs → D+
s π(π−π+)

valuable cross check of the procedure.
The statistical power of the tagging is determined by the “effective” tagging efficiency

for signal events and is defined as

εeff = εs ×
1∑
i Wi

∑

i

(1− 2ω(ηi))
2 ×Wi, (4)

where the signal tagging efficiency εs is a free parameter in the fit of the oscillation
frequency described in the next section. Wi is the probability for being a signal event as
determined by the invariant mass and decay time PDFs. The index i runs over all B0

s

candidates.

6 Measurement of the oscillation frequency

To determine the oscillation frequency, ∆ms, the decay time PDF for signal candidates
with tagging information is modified in the following way:

Pt(t, q|σt, η) ∝
{
Γse

−Γs t 1

2

[
cosh

(
∆Γs

2
t

)
+ q [1− 2ω(η)] cos(∆mst)

]
θ(t)

}

⊗ G(t, Sσt σt) ε(t) εs. (5)

The decay time PDF for untagged signal events is given by Eq. (3) multiplied by an
additional factor (1 − εs). The calibration parameters a and b of the mistag probability
ω(η) are identical for all signal and b decay background components. Within Gaussian
constraints they are set to the values found in the calibration described in the previous
section. The signal tagging efficiency εs for the B0

s→ D−
s π

+ and B0
s→ D−

s π
+π−π+ modes

are two separate parameters in the fit. The same values of εs are however used for signal
and b decay background components in each of these two categories. In the description of
the combinatorial background a separate parameter for the tagging efficiency is introduced
for each of the four modes. In addition, tagging asymmetry parameters are introduced
in the PDFs for the combinatorial background, to allow for a different number of events
tagged as B0

s or B0
s in each mode. As expected the fit results for these asymmetries are

compatible with zero.
The fit for the oscillation frequency ∆ms is performed simultaneously to all four B0

s

decay modes and gives ∆ms = 17.63 ± 0.11 ps−1 (statistical uncertainty only). Signal
tagging efficiencies of εs = (23.6 ± 1.3) % and εs = (17.6 ± 3.2) % are found for the
B0

s→ D−
s π

+ and B0
s→ D−

s π
+π−π+ modes, respectively. The combined effective tagging

efficiency for all four modes is εeff = (3.8 ± 2.1) %. The likelihood profile as a function of
the assumed oscillation frequency ∆ms is shown in Fig. 3. The statistical significance of
the signal is evaluated to be 4.6σ by comparing the likelihood value at the minimum of
the fit with that found in the limit ∆ms = ∞.

To illustrate the oscillation pattern, we define the time dependent mixing asymmetry
as

8

Measure ∆ms in flavour-tagged
time-dependent analysis of Bs → D+

s π
+

and Bs → D+
s π

+π−π+ events, where
D+
s → φπ− and D+

s → K+K−π−,

Effective tagging efficiency,
εeff = 3.8± 2.1%.

In 36 pb−1:

∆ms = 17.63± 0.11± 0.02ps−1

Dominant systematic is from z−scale of
the detector.
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Figure 2: Decay time distributions for a) B0
s → D−

s (φπ−)π+, b) B0
s → D−

s (K∗0K−)π+,
c) B0

s → D−
s (K+K−π−)π+ and d) B0

s → D−
s π

+π−π+ candidates. The data and the fit
projection are from a mass range of ± 3σm around the reconstructed B0

s mass. The
abbreviations for the various fit components are introduced in Fig. 1.

this could result in a biased estimate for the B0
s → D−

s π
+ and B0

s → D−
s π

+π−π+ events.
Therefore, a re-calibration is performed using a sample of 6,000 B0 → D−π+ events,
which have a similar topology to the B0

s → D−
s π

+ and B0
s → D−

s π
+π−π+ events, and

were collected using the same trigger and similar selection cuts. This event sample is used
to perform a measurement of the B0-B0 flavour oscillation using a very similar method
to that described here. In that measurement the true event mistag probability, ω, is
parameterized as a linear function of η using the relationship ω(η) = a + b × (η − 〈η〉),
where 〈η〉 = 0.3276 is the mean of the distribution of the η values obtained from the
initial tagger optimization. The parameters a = 0.311 ± 0.022 and b = 0.61 ± 0.25
are determined as part of the maximum likelihood fit of the B0-B0 oscillation signal
and found to be consistent with the original calibration. As a by-product of this re-
calibration procedure the B0-B0 oscillation frequency is measured. The resulting value
of ∆md = 0.499 ± 0.032 (stat) ± 0.003 (syst) ps−1, though statistically less precise, is
in good agreement with the PDG value of ∆md = 0.507 ± 0.004 ps−1 [8] and provides a
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Figure 3: Likelihood scan for ∆ms in the range [0.0, 25.0] ps−1. The line at −2∆ ln L =
20.9 indicates the value in the limit ∆ms = ∞.

Amix(t) =
N+(t)−N−(t)

N+(t) + N−(t)
(6)

where N+(t) and N−(t) are the number of background subtracted B0
s signal candidates

with a given decay time t and tagging decision +1 and −1, respectively. Note, that this
definition of the asymmetry does not include any information on the mistag probabilities
and therefore does not use the full information of the likelihood fit. Despite the limited
size of the sample, the oscillation pattern is clearly visible when the asymmetry is plotted
in bins of the decay time modulo 2π/∆ms (Fig. 4). In an ideal scenario of perfect tagging
and perfect decay time resolution the amplitude of this oscillation would be 1.0. The
observed amplitude is reduced due to the performance of the tagging algorithm by a
factor 0.41. Another reduction of 0.65 occurs due to the limited decay time resolution.

7 Systematic uncertainties

The dominant source of systematic uncertainty is due to the knowledge of the absolute
decay time scale of the experiment. This uncertainty is dominated by the knowledge of
the z scale. A relative uncertainty of 0.1% on the z scale and thus on the decay length
is assigned based on comparisons of detector surveys and a software alignment using re-
constructed tracks. This leads to a systematic uncertainty of 0.018 ps−1 on ∆ms. A
second contribution to the decay time scale is due to the momentum scale of the exper-
iment. From an independent analysis of the mass scale using various known resonances
an uncertainty of the uncalibrated momentum scale of less than 0.1% is estimated. This
uncertainty partially cancels as it enters both the reconstructed B0

s mass and the B0
s mo-

mentum. The resulting relative uncertainty on the decay time is 0.02%, which translates
to an absolute systematic uncertainty of 0.004 ps−1 on ∆ms.
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[LHCb-PAPER-2011-010]

Bs → D+
s π

+, D+
s → φπ−
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