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Indirect approach to New Physics 
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Outline 

•  The LHCb experiment 
–  Overview of the experiment and performance 

•  Focus here on most promising searches: 
–  Probe of Lorentz structure in Bd→ K* µ+µ- decays 
–  Measurement of CP violation in Bs mixing: Bs→ J/ψ φ, J/ψ f0 
–  Probe an extended scalar sector: Bs,d→ µ+µ-  

 
•  Many interesting LHCb measurements not covered here 

–  search for CPV in charm 
–  Bs mixing in Bs→ φφ	


–  radiative decays Bs→ K* γ, φγ 
–  Progress towards the CKM phase γ	


–  Search for new penguin decays, for majorana neutrinos 
–  production measurements, excited B’s 
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The LHCb Experiment: 
Overview of the experiment  

and performance 
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The LHCb detector 

•  Huge cross sections:   σ(ppàbbX) @ 7 TeV ~ 300 µb*    
–  But only 1/200 events contain b quark à Trigger 

•  Large acceptance 1.9<η<4.9 

•  Large boost:   
–  average flight distance of B mesons ~ 10mm 

 
               à A huge amount of very displaced b’s 
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(*) LHCb, Phys.Lett.B 694 (2010) 209 
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Keys for b-physics I: Trigger 
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L0 
hardware 

“high pT” signals in 
calorimeter and muon 
systems 

HLT1 
software 

Partial reconstruction 
selection based on one or 
two tracks (dimuon) 
displaced in the VELO, 
muon ID (offline like) 

HLT2 
software 

Global reconstruction 
(very close to offline) 
dominantly inclusive 
signatures 
 

inclusive selections 
exclusive selections 

L0 

HLT2 

Impact parameter 
PT 

muon ID 
HLT1 

40kHz 

1MHz 

+ Global event cuts rejecting busy events 

Charm Hadr. B Lept. B 
Global 
efficiency 

~10% ~40% 75-90% 

3kHz 

to storage 

40MHz 

Small event size (60kB) 
à large bandwidth 

à allows low trigger thresholds 
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2/2/11 RD wg meeting A. Sarti

IM: !(Bd) and !(Bs)

! The Bd and Bs mass values obtained 

from a simplified IM fit (double CB 

+ exp. bkg, imposing "(Bd) = "(Bs)) on 

a spectrum obtained applying strong 

PID cuts

– K: DLL(K-#) > 10

– #: DLL(K-#) < -10

! Obtained
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Keys for b-physics II: mass resolution 
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ϒ(1S), ϒ(2S), ϒ(3S)  

momentum 
resolution 

mass resolution  
J/ψàµµ 

 

LHCb δp/p  = 0.4-0.6 % 13 MeV 
CMS δpt/pt = 1-3 % 40 MeV 

ATLAS δpt/pt = 5-6 % 71 MeV 

ϒ(1S): 
σ(data) ~ 46 MeV 
σ (MC)~ 40 MeV 

LHCb 
37pb-1 

B0àK±π± 
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Keys for b-physics III: IP and vertex resolution 
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LHCb [µm] ATLAS [µm] CMS [µm] 
  σ(x) 15.8  60 20-40 
   σ(y) 15.2 60 20-40 
   σ(z) 76 100 40-60 

 σ(IP) ~ 25 µm  
@ 2 GeV/c 

Primary vertex resolutions ( 25 tracks):  

IP resolution vs 1/pT Impact parameter (IP): 

3.3 High level software trigger 45

system (long tracks, see Section 2.1.5) which are fitted with a simplified track fit, a

relative momentum resolution of σp/p ∼ 0.54 % is obtained. The offline precision for

tracks of the same momentum range is σp/p ∼ 0.50 %, see also Section 5.1.

3.3.1 First software trigger level:
Confirmation of the hardware trigger

The first level of the software trigger, HLT1, reduces the minimum bias rate from the

1.1 MHz output of the L0 trigger to about 30 kHz. It applies different sequences of

algorithms, called alleys, dependent on the decision issued by the L0 trigger. The

strategy is to confirm or discard the track assumption of the L0 trigger candidates

by adding information from a tracking subdetector and applying requirements on the

transverse momentum (pT ) and the impact parameter (IP ) with respect to the primary

vertex (see Figure 3.5). This step is called “L0 confirmation”. The main advantage of

this scheme is that only a small number of tracks need to be reconstructed. There are

currently two alternative possibilities to confirm a L0 candidate:

• with tracks from the main tracking detector (T-Stations), which is discussed

in Chapter 4,

• with tracks from the vertex locator (Velo) which is described later in this section.

The two different schemes allow to set up redundant trigger selections. Currently, the

Velo confirmation is used in the hadron alley and the T-Station confirmation is used in

Bs

IP1
primary 
vertex

IP2

Figure 3.5: Determination of the impact parameter: The B meson decays at a displaced
vertex into two muons. The distance of closest approach of the muon trajectory to the
primary vertex is defined as the impact parameter of the muon with respect to the primary
vertex.

signal 
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Keys for b-physics IV: Muon ID 

LHCb Detector & performance

RICH1

RICH2

Forward detector (b-hadrons produced forward at LHC)

Warm dipole magnet. Polarity can be reversed.

✔ Good momentum and position

resolution

✔ Excellent Particle ID

✔ Versatile two stage trigger

Hardware-based L0 trigger:

moderate pT cuts ➜
800 kHz

Whole data sent to

trigger farm

3 kHz output rate

Patrick Koppenburg Heavy Flavour Results at the LHC 31 August 2011, Vancouver [7/54]

LHCb Particle ID performance
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LHCb Detector & performance

RICH1

RICH2

Forward detector (b-hadrons produced forward at LHC)

Warm dipole magnet. Polarity can be reversed.

✔ Good momentum and position

resolution

✔ Excellent Particle ID

✔ Versatile two stage trigger

Hardware-based L0 trigger:

moderate pT cuts ➜
800 kHz

Whole data sent to

trigger farm

3 kHz output rate

Patrick Koppenburg Heavy Flavour Results at the LHC 31 August 2011, Vancouver [7/54]
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LHCb operation 
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Detector Operations  (1/4) 

!LHCb is running at ~1.8xL(design) with µ = 3.5x µ(design) 
                 well beyond  design parameters  
       (and we are continuously pushing this limit up) 

LHCb 

ATLAS 
CMS 

"#$%&'(%)*!+,-,+%&.!%(!/'01%&.!&%2,+*!!
/%)3!4')3!5!6'+70%8,(9!

Linst 
[Hz/cm2] 

L0 output 
rate 

µ Efficiency Lint 
[pb-1] 

April-June 3.0x1032 620 kHz 1.8-2.0 90 % ~350 
July-Sept 3.5x1032 850 kHz <1.5 90 % ~450 

These are the conditions we will keep up to the end of the 2011 run 

2 

!"#$%&#'()(*+,%--.(/012(

LHCb

• Dedicated to & optimised for flavour physics

• Tracking:

• Momentum resolution: ∫Bdl =  3.7 Tm

• IP:  VELO (planes of silicon) which moves in to  
8 mm from the LHC beams

• Particle ID

• 2 RICHes provide π/K separation for 
2<p<100 GeV/c

• Trigger

• L0: accepts ~few GeV/c pt hadrons and 
muons, output ~800 kHz

• HLT: exploits displaced track & heavy vertex 
signatures, output ~3.0 kHz 

• LHCb design luminosity  2x1032 cm-2s-1

• LHCb runs very stable at 3.5x1032 cm-2s-1, i.e. 
75% above the design!

Fill 2010 (2011/08/08)

3

5m

10m5m 15m 20m

~650	



•  Most of 2011, LHCb ran at 3.5x1032cm-2s-1 

–  LHCb design luminosity: 2x1032cm-2s-1 

•  Analyses presented here use ~340pb-1 

–  Dataset available for summer conferences  
–  ~ three times on tape now 
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B-production at the LHC 

7. Oktober 2011 Johannes Albrecht 

L(fb-1) σacc(µb) bb / 
109 

ATLAS / CMS 4.1 75 304 

LHCb 1 75 74 

CDF / D0 9.5 2.8 26 

Belle + BaBar 832+426 0.0011 1.4 

b production

Detached J/ψ
CMS: [Eur.Phys.J. C71 (2011) 1575],
Atlas: [Nucl.Phys. B850 (2011) 387-444]
LHCb: [Eur. Phys. J. C 71 (2011) 1645]

σ4π
bb̄ = (288± 4± 48) µb

Dilepton tags
CMS: [CMS-PAS-BPH-10-015]

Dµ tags
LHCb: [Physics Letters B 698 (2011) 14]

σ(2<η<6)

bb̄
= (75± 5± 13) µb

σ4π
bb̄ = (284± 20± 49) µb

Fully reconstructed
B → J/ψX
LHCb [CONF-2011-033]
CMS: [Phys.Rev.Lett.106:112001,2011]
[Phys. Rev. Lett. 106, 252001 (2011)]
[arXiv:1106.4048]

functions [29]. The uncertainty on the predicted cross
section is calculated by varying the renormalization and
factorization scales by a factor of 2, mb by !0:25 GeV,
and by using the CTEQ6.6 parton distribution set. For
reference, the prediction of PYTHIA is also included, using
a b-quark mass of 4.8 GeV, CTEQ6L1 parton distributions
[29], and the D6T tune [30] to simulate the underlying
event. The total integrated cross section for pB

T > 5 GeV
and jyBj< 2:4 is calculated as the sum over all pB

T bins and
is found to be 28:1! 2:4! 2:0! 3:1 !b, where the
first uncertainty is statistical, the second is systematic
(including the branching fraction uncertainty), and the
last is from the luminosity measurement. This result lies
between the predictions of MC@NLO, 25:5þ8:8

#5:4ðscaleÞþ2:5
#1:8 &

ðmassÞ ! 0:8ðPDFÞ !b, and PYTHIA (48:1 !b).
In summary, first measurements of the total and

differential cross sections for charged B production in pp
collisions at

ffiffiffi
s

p ¼ 7 TeV using the decay B! ! J=cK!

have been presented. The measurements cover the
range jyBj< 2:4 and pB

T from 5 GeV to greater than
30 GeV. The result is in reasonable agreement with the

predictions of MC@NLO in terms of shape and absolute
normalization.
We wish to congratulate our colleagues in the CERN

accelerator departments for the excellent performance of
the LHC machine. We thank the technical and administra-
tive staff at CERN and other CMS institutes, and acknowl-
edge support from: FMSR (Austria); FNRS and FWO
(Belgium); CNPq, CAPES, FAPERJ, and FAPESP
(Brazil); MES (Bulgaria); CERN; CAS, MoST, and
NSFC (China); COLCIENCIAS (Colombia); MSES
(Croatia); RPF (Cyprus); Academy of Sciences and
NICPB (Estonia); Academy of Finland, ME, and HIP
(Finland); CEA and CNRS/IN2P3 (France); BMBF,
DFG, and HGF (Germany); GSRT (Greece); OTKA and
NKTH (Hungary); DAE and DST (India); IPM (Iran); SFI
(Ireland); INFN (Italy); NRF and WCU (Korea); LAS
(Lithuania); CINVESTAV, CONACYT, SEP, and
UASLP-FAI (Mexico); PAEC (Pakistan); SCSR (Poland);
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FIG. 2 (color online). Measured differential cross sections
d"=dpB

T (top) and d"=dyB (bottom) compared with the theory
predictions. The error bars are the statistical uncertainties, while
the (yellow or light gray) band represents the sum in quadrature
of statistical and systematic uncertainties, excluding the common
branching fraction and luminosity uncertainties. The solid and
dashed blue lines are the MC@NLO prediction and its uncertainty,
respectively. The solid red line is the PYTHIA prediction.
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FIG. 1 (color online). Projections of the fit results in MB (top)
and ct (bottom) for pB

T > 5 GeV and jyBj< 2:4. The curves in
each plot are the sum of all contributions (solid blue line); signal
(dashed red); prompt J=c (dotted green); and the sum of non-
prompt J=c , peaking b !b, and J=c#þ (dot-dashed brown).
For better visibility of the individual contributions, the MB

plot includes a requirement of ct > 100 !m.

PRL 106, 112001 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

18 MARCH 2011

112001-4

Patrick Koppenburg Heavy Flavour Results at the LHC 30 August 2011, PIC, Vancouver [20/58]

B production @ √s = 7 TeV
• Many methods used: 

1. (Di)Lepton tags (ATLAS[ATLAS-

CONF-2011-057],CMS [CMS-PAS-BPH-10-015]),  

2. D+μ tag (LHCb[PLB694 (2010)209]), 

3. Secondary vertex tagged jets (ATLAS 
[ATLAS-CONF-2011-056], CMS [CMS-PAS-BPH-10-009] )

4. Detached J/ψ (ATLAS [Nucl.Phys.B850(2011)387], 
CMS [EPJ. C71(2011)1575], LHCb [EPJC71 (2011)1645]), 

5. Fully reconstructed J/ψX (LHCb[ LHCb-

CONF-2011-033],CMS [PRL.106:112001,2011 ,PRL 106, 252001 

(2011), arXiv:1106.4048])

• All measurements reasonably well described 
by theory (FONLL, MC@NLO) -- quite an 
achievement!
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Figure 2: Measured differential cross sections dσ/dpB
T (a) and dσ/dyB (b) compared with the-

oretical predictions. The (yellow) band represents the sum in quadrature of statistical and
systematic uncertainties. The dotted (red) line is the PYTHIA prediction; the solid and dashed
(blue) lines are the MC@NLO prediction and its uncertainty, respectively. The common uncer-
tainties of 4% on the data points, due to the integrated luminosity, and of 30% on the theory
curves, due to the B0

s → J/ψ φ branching fraction, are not shown.
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Figure 1: Projections of the fit results in MB (a) and ct (b) for 8 < pB
T < 50 GeV/c and

��yB
�� < 2.4.

The curves in each plot are: the sum of all contributions (solid line); signal (dashed); prompt J/ψ
(dotted); and non-prompt J/ψ (dot-dashed). For better visibility of the individual contributions,
plot (a) includes the requirement ct > 0.01 cm.

dimuon tag

5(3): CDF: pt>6 GeV/c, |y|<1 [PRD 75, 012010]

(1): CMS: pt>5 GeV/c, |y|<2.2
(2): LHCb:  2<η<6

L(fb-1) σacc (μb) bb produced/109

ATLAS/CMS(1)

LHCb(2)

CDF/D0(3)

Belle+BaBar

2.5 75 190

0.7 75 52

9.5 2.8 26

832+426 0.0011 1.4

11/54 



b fragmentation fd/fs   

7. Oktober 2011 Johannes Albrecht 

•  Fraction of bàBs is an essential 
ingredient to Bsàµµ and other searches 

•  LHCb has measured it in two ways:  

•  Combination [LHCb-CONF-2011-034] 

•  Found to be independent of PT 
–  Also similar to LEP and Tevatron fractions 
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FIG. 1. Probability, as a function of momentum, to correctly
identify a kaon (full circles) and to wrongly identify a pion as
a kaon (open circles) when requiring DLL(K − π) > 5. The
data are taken from a calibration sample of D∗

→ D(Kπ)π
decays; the statistical uncertainties are too small to display.

B0 → D−K+ there is additionally background from
B0 → D∗−K+ decays. The invariant mass distributions
for the partially reconstructed and misidentified back-
grounds are taken from large samples of simulated events,
reweighted according to the mass hypothesis of the signal
being fitted and the DLL cuts.
For B0

s → D−

s π
+ , the B0 → D−π+ background peaks

under the signal with a similar shape. In order to sup-
press this peaking background, PID requirements are
placed on both kaon tracks. The kaon which has the
same sign in the B0

s → D−

s π
+ and B0 → D−π+ decays is

required to satisfy DLL(K−π) > 0, while the other kaon
in the D+

s decay is required to satisfy DLL(K − π) > 5.
Because of the similar shape, a Gaussian constraint is ap-
plied to the yield of this background. The central value
of this constraint is computed from the π → K misiden-
tification rate. The Λb → Λ+

c π
− background shape is

obtained from simulated events, reweighted according to
the PID efficiency, and the yield allowed to float in the
fit. Finally, the relative size of the B0

s → D−

s ρ
+ and

B0
s → D∗−

s π+ backgrounds is constrained to the ratio of
the B0 → D−ρ+ and B0 → D∗−π+ backgrounds in the
B0 → D−π+ fit, with an uncertainty of 20% to account
for potential SU(3) symmetry breaking effects.
The free parameters in the likelihood fits to the mass

distributions are the event yields for the different event
types, i.e. the combinatorial background, partially re-
constructed background, misidentified contributions, the
signal, as well as the peak value of the signal shape. In
addition the combinatoric background shape is left free
in the B0 → D−π+ and B0

s → D−

s π
+ fits, and the sig-

nal width is left free in the B0 → D−π+ fit. In the
B0

s → D−

s π
+ and B0 → D−K+ fits the signal width is

fixed to the value from the B0 → D−π+ fit, corrected by
the ratio of the signal widths for these modes in simulated
events.

The fits to the full B0 → D−π+ , B0 → D−K+ ,
and B0

s → D−

s π
+ data samples are shown in Fig. 2.

The resulting B0 → D−π+ and B0 → D−K+ event
yields are 4103 ± 75 and 252 ± 21, respectively. The
number of misidentified B0 → D−π+ events under the
B0 → D−K+ signal as obtained from the fit is 131± 19.
This agrees with the number expected from the total
number of B0 → D−π+ events, corrected for the misiden-
tification rate determined from the PID calibration sam-
ple, of 145± 5. The B0

s → D−

s π
+ event yield is 670± 34.

The stability of the fit results has been investigated
using different cut values for both the PID requirement

FIG. 2. Mass distributions of the B0
→ D−π+ , B0

→

D−K+ , and B0
s → D−

s π+ candidates (top to bottom). The
indicated components are described in the text.
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b fragmentation: fs/fd

• LHCb has measured the ratio of B+:B0:Bs:Λb 
using two methods:

• ratio of semi-leptonic modes:           
D0μX, D+μX, DsμX and ΛcμX           
[LHCb-CONF-2011-028]

• ratio of related hadronic modes, eg. 
B0→DK and Bs→Dsπ [arxiv:1106.4435]

• Consistent results, combine Bs/B0 ratio fs/fd: 
[LHCb-CONF-2011-34]

• A priori not a universal number but similar to 
LEP & Tevatron result:

• Necessary normalization input for any Bs 
branching ratio measurement, eg. Bs →μμ

�fs/fd�LHCb = 0.267+0.021
−0.020

�fs/fd�LEP,Tevatron = 0.271± 0.027

LHCb B0 → D−π+
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b fragmentation fs/fd

Fraction of b→BsX is an essential ingredient for Bs

→ µµ and other rare decays

LHCb has measured it in 2 ways

Ratio of B → DsµX to B → D+µX modes

[LHCb-CONF-2011-028]

Ratio of Bd → DK and Bs → Dsπ modes

[Accepted by PRL]

➜ Combination [LHCb-CONF-2011-034]�
fs
fd

�

LHCb

= 0.267 + 0.021
− 0.020

Similar to LEP and Tevatron result�
fs
fd

�

LEP, Tevatron

= 0.271± 0.027

Although there’s no reason they should be the same

35 pb
−1

Patrick Koppenburg Heavy Flavour Results at the LHC 30 August 2011, PIC, Vancouver [21/58]
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New Lorentz structure:  
Angular analysis of B0→ K* µ+µ- 

1 Introduction

The decay Bd → K
∗0µ+µ− is a flavour-changing-neutral current which proceeds via a b→s

transition through a loop diagram (Fig. 1). New physics processes can therefore enter at

the same level as the Standard Model (SM) processes, making the decay a sensitive probe

of new physics contributions. The partial rate as a function of the di-muon invariant

mass squared (q2
) and the di-muon forward-backward asymmetry (AFB) can both be

affected in many new physics scenarios [1]. The branching ratio has been measured to be

(9.8± 2.1)× 10
−7

[2], [3], [4]. A large yield of Bd → K
∗0µ+µ− events is therefore expected

at LHCb and this decay is a promising channel in which to search for new physics. The

Bd → K
∗0

e
+
e
−

is more challenging experimentally and has a slightly different physics

interest. This decay is studied elsewhere [5].

Bd K*
d

b su, c, t

W+

Z,

Bd K*
d

b s

u, c, t

W+

Z,

Bd K*
d

b su, c, t

W W

Figure 1: Dominant Standard Model Feynman diagrams for the Bd → K
∗0µ+µ− decay.

For a Bd (Bd) decay, the forward-backward asymmetry AFB is constructed from the

number of forward- and backward-emitted positive (negative) muons in the di-muon rest

frame according to Eq. 1.

AFB(q2
) =

� 1
0

∂2Γ
∂q2∂ cos θL

d cos θL −
� 0
−1

∂2Γ
∂q2∂ cos θL

d cos θL
� 1
0

∂2Γ
∂q2∂ cos θL

d cos θL +
� 0
−1

∂2Γ
∂q2∂ cos θL

d cos θL

. (1)

Theory predictions for this asymmetry are well calculable in the range

1 GeV
2 <q2<6 GeV

2
[6]. This paper focuses on this region but LHCb will be

able to measure AFB across the entire q2
range. Although both the q2

and AFB spectra

are sensitive to new physics, the zero-crossing point of the asymmetry has received

particular theoretical attention, as the form factor ratio used in the calculation of this

quantity is almost free of hadronic uncertainties. The position of this zero-crossing point

is governed by the interference between the underlying vector and axial-vector currents.

In the SM, the zero-crossing point is predicted to be at q2
= 4.36

+0.33
−0.31 GeV [8].

At low q2
the decay is dominated by the C7 Wilson coefficient while, at high q2

, the

behaviour is dictated by the C9 and C10 Wilson coefficients.
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FIG. 2: The differential branching ratio dB/dq2 in units of 10−7/GeV2 (a), the forward-backward asymmetry

AFB (b) and the longitudinal polarization FL (c) in the large recoil q2 < m2
J/ψ and the low recoil q2 �

m2
ψ� ∼ O(m2

b) regions in the SM. At low recoil, the uncertainties shown are due to the Λ/Q expansion of the

improved Isgur-Wise relations (green bands), subleading terms of order αsΛ/Q (red bands) and the form

factors (blue bands). At large recoil, the bands denote the uncertainties from Λ/mb, Λ/EK∗ corrections (red

bands) and the form factors (blue bands). The vertical shaded (grey) bands mark the experimental veto

regions [8, 9] to remove contributions from B̄ → J/ψ(→ µ+µ−)K̄∗ (left band) and B̄ → ψ�(→ µ+µ−)K̄∗

(right band).
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Today: Dilepton Mass Spectra in B → K∗µ+µ−

Forward-backward asymmetry AFB and longitudinal K∗ fraction FL
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FIG. 3: The B̄ → K̄∗l+l− distributions dB/dq2 (a), AFB (b) and FL (c) in the SM including the theoretical

uncertainties added in quadrature (shaded blue bands) versus the existing data from Belle [8] (red), BaBar

[6, 7] (gold) and CDF [9] (black). The experimental data for AFB have their sign flipped to match the

conventions used in this work. The isolated solid (black) line in the AFB plot illustrates the case with

C7 = −CSM
7 . The vertical shaded (grey) bands are defined as in Fig. 2. The isolated dashed (black) lines

between the c̄c-bands are theory extrapolations from the low and large recoil region.
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B0 → K*μ+μ- at LHCb

Acceptance Correction 

•  Correct angular and q2 distributions for 
the effect of the detector and selection  

•  To be model independent, use an event-
by-event weight which is determined on 
the basis of the !L, !K, q2 of the signal 
candidates that are found 

•  Simulation quality verified with range of 
control channels (Bd!K*J/", J/"!µµ, 
D*!D0(K#)#) 
–  Tracking efficiency 
–  Hadron (mis-)identification probabilities 
–  Muon (mis-)identification  
–  Overall momentum and $ distributions 
 6 
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Vast majority of events 
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cos !K!

LHCb simulation 

• Select events using a Boosted Decision Tree

• Veto J/ψ and ψ(2S) regions

• Weight events according to ε-1 

• as a function of (θl,ϕ,θk,q2)
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Figure 3: The mKπµµ mass distribution of B0→ K∗0µ+µ− candidates in the full q2 range
(a), in a 1 < q2 < 6 GeV bin (b), and in the six Belle q2 bins (c). The solid line shows
a fit to this distribution with a double-Gaussian signal component (thin-green line) and
Exponential background component (dashed-red line).
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L  = 309 pb-1

N = 302±20

Selection 

4 
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•  Selection: 
–  Remove cc resonances  

•  2946 <mµµ< 3176 MeV/c2 

•  3586 <mµµ< 3776 MeV/c2 

–  Treat peaking backgrounds 
with a specific set of criteria 
(! residual backgrounds ~3% 
of signal) 

–  Combinatorial backgrounds 
reduced with a Boosted 
Decision Tree (BDT) selection 

•  Use Belle q2 binning and an 
(overlapping) 1<q2<6 GeV2/c4 
bin favoured by theorists  

18

•  Select events with Boosted Decision Tree 
–  Veto J/ψ and ψ(2S) 

•  Weight events according to ε-1 
–  As function of (θl, θk, q2) 
–  Procedure verified on BdàJ/ψK* data and MC 

LHCb-CONF-2011-038 
16/54 



B0→ K* µ+µ- in LHCb 

•  Select events with Boosted Decision Tree 
–  Veto J/ψ and ψ(2S) 

•  Weight events according to ε-1 
–  As function of (θl, θk, q2) 
–  Procedure verified on BdàJ/ψK* data and MC 

•  Perform measurement in 6 q2 bins 
using simultaneous fit 
of mass, θl and θk 
–  Differential BR dΓ/dq2 
–  Longitudinal polarization FL 
–  Forward backward assymmetry AFB 

•  [ Likelihood scan for FL and AFB  
due to correlations ] 

7. Oktober 2011 Johannes Albrecht 
LHCb-CONF-2011-038 
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B0 → K*μ+μ- at LHCb
• Select events using a Boosted Decision Tree

• Veto J/ψ and ψ(2S) regions

• Weight events according to ε-1 

• as a function of (θl,ϕ,θk,q2)

• procedure verified on B0→ J/ψK* data   
and MC

• And measure in six q2 bins:

• differential branching ratio  dΓ/dq2 (relative 
to B0→ J/ψ K*)

• longitudinal polarization, FL

•  AFB

• using simultaneous fit to 1-dim projections of 
θk and θl
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B0→ K* µ+µ- in LHCb 

•  Measurement based on 300 candidates (largest sample) 
–  Purity comparable to B-factories 
–  Generally statistics limited, systematic uncertainties small 

•  Data in excellent agreement with theory  (J or L ?) 

7. Oktober 2011 Johannes Albrecht 

B0 → K*μ+μ- at LHCb

• Systematic uncertainties small, and generally statistics limited

• Data in excellent agreement with SM predictions at current level of precision. 

• Next: add other observables such as AT(2), sensitive to RH currents 

AFB Measurement 

10 
Theory predictions from C.Bobeth et al., 
arXiv:1105.0376v2  

Theory predictions from C.Bobeth et al., arXiv:1105.0376v2

L=309/pb

FL Measurement 

12 
Theory predictions from C.Bobeth et al., 
arXiv:1105.0376v2  

d!/dq2 

14 
Theory predictions from C.Bobeth et al., 
arXiv:1105.0376v2  

A
FB F L L=309/pb

L=309/pb

dΓ
/d

q2
[1
0−

7
c4
/G

eV
2
]
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B0→ K* µ+µ- in LHCb: next steps 

•  Precisely determine the zero crossing point of AFB 
•  Measure At

(2), partial angular analysis 
–  2/fb à full angular analysis 

•  Many anaogue channels in preparation 
–  Bs→ φµ+µ- , B0→ K* e+e- , ΛB → Λ µ+µ-  
–  Isospin analyses  

7. Oktober 2011 Johannes Albrecht 

Bd!K*µ+µ-: next steps!

".determine the zero crossing point: sensitive to NP and cleanly predicted in SM 
 ! 2011 data 

#$%!&'()!*'++,-!.'/0!123!"456478!
9,32!:32..'0/!+2'0(!'0!-';,3,0(!<2-,=.!

6. Study other observables by doing the full angular analysis,  
eg At(2) sensitive to RH currents -! 2011+2012 dataset 

20 
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7. Oktober 2011 Johannes Albrecht 

Search for NP in the Bs 
mixing phase: 

BsàJ/ψφ and BsàJ/ψf0 

20/54 



CP violation in Bs mixing 
CP violation in B0

s mixing

Mixing

b

s

s

b

t

t
W W

Decay

b

s

c

c

s

s

W

Interference
B0

s J/ψφ

B0
s

φD

φM −φD

CP violation in the SM described by CKM

matrix

In B0
s , interference between mixing and

decay → CP violating phase

φs = φM − 2φD

Precise SM calculation for B0
s → J/ψφ

possible → small Penguin contribution

φSM
s = 0.0363 ± 0.0016 rad

CKMfitter, hep-ph/0406184

Additional contributions from New

Physics possible

φs = φSM
s + φNP

s
Georg Krocker (PI Heidelberg) CP violation in B0

s mixing August 30, 2011 2 / 6

7. Oktober 2011 Johannes Albrecht 

NP? 

•  Interference between mixing 
and decay leads to CPV phase 
φs=φM-2φD 

•  Precise SM calculation for fs 
possible (small penguin 
contribution) 

 φs
SM = -0.0363±0.0016rad 

 
•  Additional contributions from 

New Physics possible 
 φs=φs

SM +φs
NP 

•  Requires time dependent, 
flavour tagged angular analysis 

CKMFitter, hep-ph:0406184 

21/54 



Experimental situation (before summer 2011) Experimental situation (before Summer 2011) 

CDF, 5.2 fb-1 

D0, 8 fb-1 

LHCb, 0.035 fb-1 

Results presented before summer 2011 showed compatibility with SM at ~1! 
                        but all experiments with the same trend…. 
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Experimental situation (before summer 2011) Experimental situation (before Summer 2011) 

CDF, 5.2 fb-1 

D0, 8 fb-1 

LHCb, 0.035 fb-1 

Results presented before summer 2011 showed compatibility with SM at ~1! 
                        but all experiments with the same trend…. 
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LHCb: Bs→J/ψϕ

• First run-through  
(Beauty 2011)

• New today:
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Figure 4: Projections for the biased and unbiased data sample after the tagged fit assum-
ing φs = 0. The decay time acceptances applied to the signal component are analogously
applied to the background decay time distributions. The total fit result is represented by
the black line. The signal component is represented by the solid blue line; the dashed and
dotted blue lines show the CP -odd and CP -even signal components respectively. The
background component is given by the red line.
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Figure 5: Feldman-Cousins confidence regions in the φs − ∆Γs plane. The CL at the
Standard Model point (black square) is 0.785 which corresponds to a deviation of “1.2σ”.
Projected in one dimension, we find φs ∈ [−2.7,−0.5] rad at 68% CL.

11

Constraints on phase s

13

No meaningful point-estimate                
Confidence contours using 

Feldman-Cousins method.

Statistical error only: Accounts 
for syst. uncertainty of tagging 
(small).

Compared to statistical error all 
systematic effects are negligible 

LHCb-Conf-2011-006
new

s [ -2.7,  -0.5]  rad at 68% CL
s [ -3.5,  0.2 ]  rad at 95% CL

SM P-

Standard Model:
s = 0.087 0.021 ps-1                                 

(A.Lenz, U.Nierste. arXiv:1102.4274)
s = -0.0363 0.0017 rad (CKMfitter)
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Figure 2: Mass distribution of B0
s → J/ψφ candidates. The superimposed blue curve is

the signal mass model, the red curve corresponds to the combinatorial background. The
black curve describes sum of signal and background candidates.

where the probability density function (PDF) P consists of a signal component S and a
background component B,

P = fsig S + (1− fsig) B . (2)

with fsig the signal fraction. The set of physics parameters λphys includes the B0
s decay

width Γs, the decay width difference between the B0
s mass eigenstates ∆Γs, the mixing

frequency ∆ms, the CP violating phase φJ/ψφ
s and the relative phases (δ⊥, δ�, δs) and

magnitudes at time t = 0 (|A⊥(0)|2, |A�(0)|2, |As(0)|2) of the three angular transversity
amplitudes and the S-wave contribution. The symbol λdet represents the parameters in-
volved in describing resolutions, acceptance and flavour tag calibration. The parameters
used to describe the background are generically denoted by λbkg.
We have verified that the candidate mass does not correlate with the other observables
such that the PDF can be factorized. We assume that the shape of the background does
not depend on the flavour tag and that it factorizes in decay time and decay angles. The
background PDF then reduces to that described in the untagged analysis [11]. Conse-
quently, we concentrate in the following on the PDF for the decay time and decay angles
for the signal contribution.
Ignoring detector effects, the distribution for the decay time t and the transversity angles
Ω for B0

s→ J/ψφ decays produced in a B0
s flavour eigenstate is given by the differential

decay rate

d4Γ(B0
s→ J/ψφ)

dt d cos θ dϕ d cos ψ
≡ d4Γ

dt dΩ
∝

10�

k=1

hk(t)fk(Ω) . (3)

The ten time-dependent amplitudes hk(t) and the angular functions fk(Ω) are given in54

Table 1. The terms 7–10 are related to the description of the S-wave component, which55

have been added to this analysis.56

3

N=836±60
L=36pb-1

N=8276±96
L=337pb-1

?

SM

24



Bs mixing measurement 

7. Oktober 2011 Johannes Albrecht 

LHCb has measured the Bs mixing frequency in BsàDs
-
 π+ decays 

17

Bs mixing: latest measurement

LHCb update in 341/pb, presented at Lepton-Photon 2011

average time resolution: ~44 fs

flavour tagger performance:
OST:  
SST: 

reduction in signal
efficiency due to
loss/dilution from tagging

17

Bs mixing: latest measurement

LHCb update in 341/pb, presented at Lepton-Photon 2011

average time resolution: ~44 fs

flavour tagger performance:
OST:  
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no 'easy' improvements expected

compare older results

CDF (2006) 
LHCb, 37/pb: (LHCb-CONF-2011-005)

(PRL97,242003 (2006)))

(R. van Kooten, LP2011)

new WA: 

!ms =17.725± 0.041± 0.026ps
"1 LHCb preliminary, 341/pb 

LHCb-CONF-2011-050 

Vtd
Vts

= 0.2090± 0.0009± 0.0046
exp lattice 

(R. v. Kooten, LP11) 
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Time dependent CPV in Bs 

7. Oktober 2011 Johannes Albrecht 

25

time-dependent CPV in the Bs-system

time-dependent CPV in                          allows to NP in mixing in Bs system

in contrast to !, CKM-angle !s is very small
(PRD83, 036004 (2011))

two most interesting modes

narrow resonance --> clean
vector-vector final state (“P-wave”)

requires time-dependent angular 
analysis

measure also "#s w/o external input

bit lower branching fraction
vector-pseudoscaler
final state (“S-wave”)

no angular analysis needed

The signals  
!  Bs " J/!"   and Bs " J/!f0 are very 

clean decays  

Bs 
K+ 

K- 
! 

J/" 
µ+ 

µ- 

Bs " J/!"  Bs " J/!f0  

16 

!  Invariant mass distributions for selected signal samples 
#  Approx  8276 Bs " J/!" signal events 
#  Approx 1428  Bs " J/!f0 signal events   
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!  Invariant mass distributions for selected signal samples 
#  Approx  8276 Bs " J/!" signal events 
#  Approx 1428  Bs " J/!f0 signal events   

8276 signal  
candidates 

1428 signal  
candidates 

BsàJ/ψφ BsàJ/ψf0 

•  Narrow resonance à clean 
•  Vector-vector final state 

–  Requires time dependent angular 
analysis to separate  
CP even and CP odd 

–  Measure also ΔΓ directly 

•  Lower branching fraction (~1/4) 
–  Higher background level 

•  Vector-pseudoscalar final state 
–  No angular analysis needed 
–  Needs ΔΓ as input 
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Bsà J/ψφ : Angular analysis ML fit 

7. Oktober 2011 Johannes Albrecht 

•  Maximum likelihood fit with 10 physics parameters 
–  7 angular amplitudes and phases 
–  Γs , ΔΓs, φs 

•  Proper time calibrated with prompt J/ψ: σ(t)~50ps 
•  Used Opposite sign flavour tagging, εD2=(2.08±0.41)% 

✚✚CP at LHCb

Introduction

✚✚CP in beauty

ACP in

B, B0
s → K+π−

✚✚CP in B0
s mixing

B0
s → J/ψφ

B0
s → J/ψf0(980)

B0
s →φφ

✚✚CP in charm

Motivation

∆ACP in D → hh

AΓ, yCP in D → hh

Conclusions

C. Fitzpatrick

September 1, 2011

Fit projections

� Projection of mass, time and angles for signal and background including

S-wave component.

� We only use candidates with τ > 0.3ps−1 which greatly improves signal

purity

� ∼ 8276 signal candidates in 337pb−1:

data

sig. component

cp-even sig. component

cp-odd sig. component

s-wave component

bkg. component

complete pdf
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� Goodness of Fit: p-value 44% using Point-to-point dissimilarity test

statistic arXiv:1006.3019[hep-ex]
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Bsà J/ψφ : ΔΓ and φs 
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corresponds to the theoretical predicted Standard Model value [3].
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Bs→J/ψφ:   ΔΓs vs. ϕs

Most precise measurement of ϕs

• ϕs = 0.13 ± 0.18 (stat) ± 0.07 (syst) rad

• Consistent with SM

4 σ Evidence for ΔΓs ≠0 : 

• ΔΓs = 0.123 ± 0.029 (stat) ± 0.008 (syst) ps-1

•     Γs = 0.656 ± 0.009 (stat) ± 0.008 (syst) ps-1

Standard Model
(Lenz, Nierste: arXiv:1102.4274)
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Bsà J/ψf0: φs 

7. Oktober 2011 Johannes Albrecht 
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s → K+π−
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B0
s → J/ψφ

B0
s → J/ψf0(980)

B0
s →φφ

✚✚CP in charm

Motivation

∆ACP in D → hh

AΓ, yCP in D → hh

Conclusions

C. Fitzpatrick

September 1, 2011

B0
s → J/ψf0(980)

� LHCb made the first observation of the decay B0
s → J/ψ f0(980) using

2010 data (arXiv:1102.0206[hep-ex]).

� B0
s → J/ψf0(980) is a particularly nice channel with which to measure φs as

it is a single CP-odd eigenstate:

� No need for angular analysis, much simpler than J/ψ φ!

� But can’t fit for Γs,∆Γs simultaneously

� Γs,∆Γs + correlation matrix exported from the LHCb J/ψ φ result.

� Much of the same technology is used in the J/ψ f0(980) fit as in that for

J/ψφ
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378pb−1, 1428 signal candidates
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•  LHCb made first observation of the decay Bsà J/ψf0 

•  Nice channel to measure φs  (CP odd eigenstate) 
–  No need for angular analysis 
–  But need to export Γs , ΔΓs & correlation matrix from Bsà J/ψφ 
 

2010 data 
arXiv:1102:0206 

!s = !0.44± 0.44(stat)± 0.02(syst) LHCb-CONF-2011-051 
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•  Combine both results, simultaneous fit using joint likelihood 

 
•  Outlook: 

–  ½ statistical uncertainty with 2011 data 
–  Resolve ambiguity in ΔΓs, φs 
–  Evaluate penguin contributions 
–  Measurable with ~1/fb: Asl and Bsàφφ	



Combination of φs results  
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Results
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� LHCb-CONF-2011-051

φ
J/ψf0(980)
s = −0.44 ± 0.44 (stat) ± 0.02 (sys) rad

� Combined J/ψ f0(980),J/ψ φ result, simultaneous fit using joint likelihood:

φs = 0.03 ± 0.16 (stat) ± 0.07 (sys) rad

� Reminder: φSM
s = −0.0363± 0.0017

� No sign of NP, but a long way to go before reaching the SM uncertainty.

11 / 207. Oktober 2011 Johannes Albrecht 

!s = 0.03± 0.16(stat)± 0.07(syst) LHCb-CONF-2011-051 

φs
SM = -0.0363±0.0016rad 
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Artists impression: φs from LHC & Tevatron “Artists impression of overlay” 
  
 
 
 
 

28 

This is NOT an official accurate overlay – the experiments have not done this yet ! 
 

This is just flipping and scaling the PDFs taken from talks to give impression 

7. Oktober 2011 Johannes Albrecht 
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-PH-EP-2011-029
12 March 2011

Search for the rare decays
B0

s → µ+µ− and B0 → µ+µ−

The LHCb Collaboration1

Abstract

A search for the decays B0
s → µ+µ− and B0 → µ+µ− is performed with about 37 pb−1

of pp collisions at
√
s = 7 TeV collected by the LHCb experiment at the Large Hadron

Collider at CERN. The observed numbers of events are consistent with the background
expectations. The resulting upper limits on the branching ratios are B(B0

s → µ+µ−)
< 5.6× 10−8 and B(B0 → µ+µ−) < 1.5× 10−8 at 95% confidence level.

Keywords: LHC, b-hadron, FCNC, rare decays, leptonic decays.

(Submitted to Physics Letters B.)

1Authors are listed on the following pages.

arXiv:1103.2465 
Phys. Lett. B 699 (2011) 330-340 

 
LHCb-CONF-2011-047 
will be submitted to PLB 

  

37pb-1 

370pb-1 

32/54 



Bs,d→ µ+µ- in the Standard Model  

7. Oktober 2011 Johannes Albrecht 

A.J.Buras: arXiv:1012.1447 
E. Gamiz et al: Phys.Rev.D 80 (2009) 014503 

Mode SM 
Bs→ µ+µ-  3.2 ± 0.2 10-9 

B0→ µ+µ-  0.10 ± 0.01 10-9 

Double suppressed decay:  FCNC process and helicity suppressed:  

è very small in the Standard Model but well predicted: 

à  sensitive to contributions in the scalar/pseudo-scalar sector 
à highly interesting to probe extended Higgs models 

BR expressed in Wilson coefficients: 
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•  Example: MSSM 
(with R-parity conservation) 

 è  limit or measurement of Bs,dàµµ 
  will strongly constrain tanβ vs MA plane 

 

Bs,d→ µ+µ- as probe for New Physics 

•  NUHM1 

7. Oktober 2011 Johannes Albrecht 

Direct Search and . . .

slide 3/17B0
(s)→ µ+µ− at LHCb Moriond QCD, March 22

nd
2010

Correlation between

tan β and MA in the

NUHM1 model.

Direct Search:
5σ discovery contours for observing the heavy MSSM Higgs bosons H,A

with

H, A → τ + τ → jets (solid line),
→ jet + µ (dashed line),
→ jet + e (dotted line),

assuming 30 or 60 fb
−1

collected by CMS.

Eur. Phys. J. C64, 391 (2009)

BR(BS ! µ+µ" )# tan
6 !

mA
4

Best fit contours in tanβ vs MA  

 plane in the NUHM1 model 
[O. Buchmuller et al, arxiv:0907.5568] 

 tanβ vs MA plane 

CMS direct search 30-60fb-1: 
5σ discovery H/Aàττ 
(2007 analysis: arXiv:0704.0619) 
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•  Example: MSSM 
(with R-parity conservation) 

 è  limit or measurement of Bs,dàµµ 
  will strongly constrain tanβ vs MA plane 

 

2x10-­‐8

5x10-­‐9

1x10-­‐8

SM-­‐like

Bs,d→ µ+µ- as probe for New Physics 

7. Oktober 2011 Johannes Albrecht 

 tanβ vs MA plane 

Regions compatible with  
BR(Bsàµµ) = 2x10-8, 1x10-8, 
                         5x10-9 and SM 
LHCb calculation using  
F. Mahmoudi, SuperIso, arXiv: 08083144  

BR(BS ! µ+µ" )# tan
6 !

mA
4

Best fit contours in tanβ vs MA  

 plane in the NUHM1 model 
[O. Buchmuller et al, arxiv:0907.5568] 

•  NUHM1 
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Experimental status before summer 2011 

•  ds 

7. Oktober 2011 Johannes Albrecht 

Experimental results (before summer 2011) 

6 

Experiment Data set Limit 

CDF 3.7 fb-1 4.3 x 10-8 

D0 6.1 fb-1 5.1 x 10-8 

LHCb 0.036 fb-1 5.6 x 10-8 

Published Bs!µµ limits @ 95% CL 

LHCb equivalent to CDF with  
~100 times less luminosity 

L!"pb-1] 

Experimental results (before summer 2011) 

7 

Experiment Data set Limit 

CDF 3.7 fb-1 4.3 x 10-8 

D0 6.1 fb-1 5.1 x 10-8 

LHCb 0.036 fb-1 5.6 x 10-8 

Published Bs!µµ limits @ 95% CL 

But also an anomaly: 
long-staying (since La Thuile)  
expected-only  limit from CDF: 
   BR(Bs!µµ) < 2 x 10-8 @ 95% CL  

L!"pb-1] 
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CDF “evidence” 

7. Oktober 2011 Johannes Albrecht 

July 12th, 2011:  
CDF sends to archive the following paper: 

arXiv: 1107.2304 [hep-ex] 

8 

12. July 2011 
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CDF “evidence” 

•  c 

7. Oktober 2011 Johannes Albrecht 

July 12th, 2011:  
CDF sends to archive the following paper: 

arXiv: 1107.2304 [hep-ex] 

8 

CDF result based on: 
1)  double sample size  (3.7 fb-1! 7 fb-1) 
2)  +20% acceptance for muons 
3)   improved Neural Network 

2.8 ! assuming bkg-only hypothesis 
1.9% compatibility with bkg+SM hypothesis 

Barrel-barrel 

Barrel-endcap 

background 
Signal 

(SMx5.6) 

0.46 x 10-8 < BR < 3.9x10-8 @ 90% CL (BR=1.8+1.1
-0.9) x 10-8 

Mµµ distribution in Bs search window for different NN bins 

9 
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Bs,d→ µ+µ- peak hunting I 

7. Oktober 2011 Johannes Albrecht 

July 12th, 2011:  
CDF sends to archive the following paper: 

arXiv: 1107.2304 [hep-ex] 

8 
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LHCb should see a peak, then 
(~20 events  
in 300pb-1) 

39/54 



LHCb analysis strategy 

•  Selection 
–  Muon based triggers 
–  Soft selection to reduce size of dataset  
–  Similar to control channels 

•  Signal and background likelihoods  
–  Geometrical Likelihood (BDT) 

Multivariate classifier combining topological and kinematic information  
–  Invariant mass 

•  Normalization 
–  Convert number of observed events in branching fraction by 

normalizing with channels of known BR 
 

•  Extraction of the limit 
–  Extract observation / exclusion measurement using the CLS method 

7. Oktober 2011 Johannes Albrecht 
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Signal likelihood definition 

7. Oktober 2011 Johannes Albrecht 
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bbàµµX background 

signal 

à  flat for signal  
à peaked at zero for background 
 
Analysis is done in 4 bins of GL 
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•  BDT calibration:  

–  Bàh+h’- ideal sample:  
identical decay topology 

–  Use events triggered independent 
of signal (TIS) to avoid trigger bias 

•  Signal distribution in GL flat 
as expected from simulation 

TIS Bàh+h’- 

GL > 0.75 

Signal likelihood calibration 

Calibrated GL 
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Calibration of the invariant mass 
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•  Signal invariant mass modelled with a crystal ball 
–  Resolution obtained from data: 

•  Interpolation between dilepton resonances (J/ψ, ψ(2S) and ϒ) 
•  Cross checked with inclusive Bàh+h’- 

–  Mean from exclusive B0àK+π- and BsàK+K-  

43/54 



Calibration of the background shape 
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Normalization to channels with known BR 
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B±àJ/ψK± BSàJ/ψϕ  Trigger unbiased Bàh+h’- 

BR = BRcal !
!cal
Rec !!cal

Sel !!cal
Trig

!Bs
Rec !!Bs

Sel !!Bs
Trig !

fcal
fBs

!
NB"µµ

Ncal

=" !NB"µµ
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Results: Bs→ µ+µ- 	



LHCb result in the Bs mass window with 300 pb-1    
                              (preliminary)  

BDT<0.25 0.25<BDT<0.5 0.5<BDT<0.75 0.75<BDT 

Exp.combinatorial 2968 ± 69 25 ± 2.5 2.99 ± 0.89 0.66 ± 0.40 

Exp. SM signal 1.26 ± 0.13 0.61 ± 0.06 0.67 ± 0.07 0.72 ± 0.07 

Observed 2872 26 3 2 
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“Perfect” Bs→ µ+µ- candidate 
                        candidateBs → µ+µ−
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Limit on Bs→ µ+µ-  
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Bs→ µ+µ- 90% CL 95% CL 

Expected limit (bkg only) 8 x 10-9 10 x 10-9 

Expected limit(bkg+SM)  12 x 10-9 15 x 10-9 

Observed limit 13 x 10-9 16 x 10-9 

combination 2010+2011 12 x 10-9 15 x 10-9 
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Results: Bd→ µ+µ- 

BDT<0.25 0.25<BDT<0.5 0.5<BDT<0.75 0.75<BDT 

Exp.combinatorial 3175 ± 72 26.6 ± 2.5 3.1 ± 0.8 0.7 ± 0.4 

Exp. MisID 0.6± 0.1 0.6± 0.1 0.6± 0.1 0.6± 0.1 

Observed 3025 31 5 4 

LHCb result in the Bd mass window with 300 pb-1 

                             (preliminary)  
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Observed limit on BR(Bd→ µ+µ-) 
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Bd→ µ+µ- 90% CL 95% CL 

Expected limit (bkg only) 2.4 x 10-9 3.1 x 10-9 

Observed limit 4.2 x 10-9 5.2 x 10-9 
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Combined LHC limit on Bs→ µ+µ-  
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•  CMS limit with 1.18/fb very 
competitive with LHCb 

•  Results combined using 
LHCbs fd/fs 

•  Observed distribution 
agrees very well with  
bkg+SM 

Bs→ µ+µ- , 95% CL LHCb CMS 

Expected limit (bkg+SM) 15 x 10-9 18 x 10-9 

Observed limit 15 x 10-9 19 x 10-9 

Observed LHCb+CMS 11 x 10-9 
 CMS-PAS-BPH-11-019 and LHCb-CONF-2011-047 
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Bs,d→ µ+µ- peak hunting part II  
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LHCb should see a peak, then 
(~20 events  
in 300pb-1) 

!"#"#$$
%&'(&)*+,(-.*+/01(23,4564((((((((((((((((((((((
728(!9$$:(;1)</=.)( >?

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

Maybe winter (conferences)  
is a better time for mountaineering… 
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Prospects

slide 16/17B0
(s)→ µ+µ− at LHCb Marc-Olivier Bettler

LHCb will access very interesting region with the 2011 run !

SM predictionSM prediction

Integrated luminosity [ fb
−1

]Integrated luminosity [ fb
−1

]

B
(
B

0 s
→

µ
+

µ
−
)

[1
0

−
9
]

B
(
B

0 s
→

µ
+

µ
−
)

[1
0

−
9
]

LHCb

proj. from 37 pb
−1

√
s = 7TeV

LHCb

proj. from 37 pb
−1

√
s = 7 TeV

5σ observation

3σ observation

95 % C.L. excl.

90 % C.L. excl.

Extrapolation based on the 37 pb−1 collected so far.
Prospects: Bsàµ+µ- 
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With the data collected in 2011 we will be able  
to explore the region BR~ 6-8×10-9 at 95% CL  

37 pb-1 340 pb-1 

5.1×10-­‐8	
  

6-­‐7×10-­‐9	
  	
  

1 fb-1 

BSàµ+µ- exclusion @ 90% CL 
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LHCb 
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1 fb-1 

BSàµ+µ- observation 

15×10-­‐9	
  	
  

1.5×10-­‐8	
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Conclusions 

•  LHC and LHCb are running extremely well 
–  LHCb is taking data at higher than design luminosity 
–  LHCb has >1fb-1 recorded, analyses shown with 0.3fb-1 

•   LHCb has contributed the worlds most precise results on 
–  Forward-backward asymmetry in B0àK*µ+µ- 
–  Measurements of the Bs mixing phase φs 
–  Limits on the rare decay Bsàµ+µ- 
–  And many more 

•  But no hint for New Physics yet… 
–  .. we’ve just gotten started: plenty left on the shopping list 
–  Increase precision over the next 5 years 
–  New observables welcome 
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ASL and the like-sign dimuon anomaly  

✚✚CP at LHCb

Backups

Afs (ASL)
NP in J/ψ φ

Flavour Tagging

Decay Rates

S-wave

The φs ambiguity

More Theory

D+ → K−K+π+

C. Fitzpatrick

September 1, 2011

ASL(Afs) and the like-sign dimuon anomaly

� Measuring ASL on a pp collider is tough: Production asymmetries

� More so at LHCb because we’re not symmetric

� Can’t count like-sign muons when one of them isn’t in your acceptance

� LHCb has two independent

analyses investigating this

� Time integrated ASL in

B0
s →D−

s Xµ+νµ
� Production asymmetry is washed

out by fast B0
s -B0

s mixing

� Time dependent subtraction:

� ∆As,d
fs = As

fs − Ad
fs

� B0
s → D−

s Xµ+νµ and

B → D−Xµ+νµ channels

� Production asymmetries cancel

out

� The time-dependent analysis benefits from fewer systematics and

cancellation of cross-feed backgrounds, while the time-integrated analysis

benefits from fewer parameters to constrain

� Both analyses are progressing and can expect preliminary results soon.

20 / 20
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Backup slides 

7. Oktober 2011 Johannes Albrecht 

B0 → K*γ  and  Bs → ϕγ
• Radiative b→s penguin decay, B0→K*γ first seen 

by CLEO in 1993.

• Broader signal peak (compared to all-charged final 
states) implies more work on backgrounds  
(B0→K+π-π0, Bs→K+π-π0,B0→K*0e+e-,Bs→K+π-

γ) and cross-feed

• Simultaneous fit to Bs→ϕγ and B0→K*γ; 

• mass difference fixed to PDG

• Largest Bs→ ϕγ signal,  measure:

• SCET predicts 1.0 ± 0.2 for this ratio                   
[Ali et al., EPJ C55:577 (2008)]

• Future steps:  measure CP asymmetries

The B0→K ∗0γ and B0
s →φγ plots
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The B0→K ∗0γ and B0
s →φγ plots
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The B0→K ∗0γ is getting close to BABAR.

Albert Puig (LHCb Radiative Group) B(B0
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Conclusions

In 340 pb−1 of pp collisions at a centre of mass energy of
√
s = 7 TeV the

ratio of branching ratios between B0→K ∗0γ and B0
s →φγ has been

measured to be

B(B0→K ∗0γ)

B(B0
s →φγ)

= 1.52 ± 0.15(stat) ± 0.10(syst) ± 0.12(fs/fd )

This results is in agreement within 1.5 standard deviations with the theory
prediction.

Albert Puig (LHCb Radiative Group) B(B0
→K∗0γ)/B(B0

s →φγ) Aug 12, 2011 45 / 46
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S-wave in BsàJ/ψφ	



27

          at LHCb

including S-wave: from 6 to 10 terms in angular/time distributions 

LHCb-CONF-2011-049

accounts for ~4% “non-resonant” KK
in 12 MeV mass window around phi

spin-1 Breit-Wigner
non-resonant 

note: S-wave contribution identified by 
angular distribution, not by KK mass

fit region
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Controlling Penguins

With LHCb’s experimental precision,

penguin contributions to e.g. Bd →
J/ψK 0

S will have to me taken into ac-

count

Is that the tension on sin 2β?

[LHCb-CONF-2011-048]
➜ Study U-spin partners as Bs → J/ψK 0

S
De Bruyn, PK, Fleischer [Eur.Phys.J.C70:1025 (2010)], [arXiv:1012.0840]

B(Bs→J/ψK 0
S )

B(Bd→J/ψK 0
S )

= 0.0378± 0.0058 (stat)± 0.0020 (syst)± 0.0030 (
fs
fd
)

CDF: 0.041± 0.007± 0.004± 0.005 [Note 10240]

New!

Patrick Koppenburg Heavy Flavour Results at the LHC 30 August 2011, PIC, Vancouver [55/58]
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✚✚CP at LHCb

Backups
Afs (ASL)
NP in J/ψ φ

Flavour Tagging
Decay Rates
S-wave
The φs ambiguity
More Theory
D+ → K−K+π+

C. Fitzpatrick

September 1, 2011

Flavour tagging

� To measure φs we need to know the B0
s flavour at the production vertex

� B0
s flavour is determined by tagging algorithms LHCb-CONF-2011-003:
� Opposite Side (OS): Decay products of the other b-meson
� Same Side (SS): particles produced in fragmentation alongside signal B

proton

Same side

signal B

Opposite side
opposite B

lepton taggers

(e , ) from b quark

vertex charge tagger

from inclusive vertexing

proton

opposite kaon

tagger (K )

� Results shown here use OS tagging only. This is optimised and calibrated
using the control channel B+→ J/ψK+

�eff (J/ψφ) = �(1 − 2ω)2 = 2.08± 0.41%
� Future analyses will also use the SS tagger.
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Keys for b-physics I: Muon trigger 

7. Oktober 2011 Johannes Albrecht 

µ, 
µµ	



had	

 e± 
γ	



L0 
hardware 

Single-µ:  pT>1.4GeV/c 
Di – µ :      2 clean muons 
                  pT1xpT2>(1.3GeV/c)2 

HLT1 
software 

Single-µ: pT>0.8GeV/c 
                 IP > 0.11mm, IPS > 5 
Dimuon: Mµµ > 2.7GeV/c2, 

                      Mµµ > 1GeV/c2+detached 
 

HLT2 
software 

Dimuon:   Mµµ > 4.7GeV/c2 

                 Δm(J/ψ) < 120 MeV/c2 
 
Several lines with pT and vertex 
displacement cuts 

inclusive selections 
exclusive selections 

L0 

HLT2 

Impact parameter 
PT 

muon ID 
HLT1 

40kHz 

1MHz 

3kHz 

40MHz Muon lines: 

Half of the bandwidth (~1 kHz) given to the muon lines 
 pT cuts on muon  lines  kept very low à trigger efficiency very high 
 Trigger rather stable during the whole period (despite L increased by ~105) 
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•  Events are classified in 2D  
plane: invariant mass, GL 

 

•  Evaluate the compatibility  
of measurement with 
–  B only hypothesis [CLB]  

à quote observation 
–  S+B hypothesis 

 [CLS=CLS+B/CLB] 
àquote exclusion limit 

•  Calculate expected limit using toy MC techniques 
–  Shows reach of the measurement, independent of stat. fluctuations 
–  Errors of normalization factors and PDF parameters are included as 

nuisance parameters in limit calculation 

•  Use pattern of events to calculate observed limit 

Signal and background likelihoods 

7. Oktober 2011 Johannes Albrecht 

Bs search window 

B0 search window LHCb 
37pb-1 
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LHCb acceptance 

•  LHCb: maximize B acceptance @ LHC 
à forward spectrometer, 1.9<η<4.9 
–  B hadrons produced at low angle 
–  B pairs are produced in same forward  

or backward cone à single arm ok 

7. Oktober 2011 Johannes Albrecht 

6 

LHCb acceptance 

!! Detector designed to maximize b 
acceptance (against cos!) 

!! Forward spectrometer 1.9<!<4.9 
!! b-hadrons produced at low angle 

!! Single arm OK as b quarks are produced 
in same forward or backward cone 

!! Rely on much softer, lower pT triggers, 
efficient also for purely hadronic decays 

!! ATLAS/CMS:  |!|<2.5  

"! Will do B-physics using high PT µ triggers, 
mostly with modes involving di-µ 

"! Purely hadronic modes triggered by 
tagging µ. 
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LHCb acceptance 

•  LHCb: maximize B acceptance @ LHC 
à forward spectrometer, 1.9<η<4.9 
–  B hadrons produced at low angle 
–  B pairs are produced in same forward  

or backward cone à single arm ok 
 

•  Rough estimate for B acceptance: 
compare B±àJ/ψK± yield with CDF / D0 
–  LHCb  

Nsignal:  12,366±403stat+syst  (0.037fb-1) 
–  CDF(CMU-CM(U+X))  

Nsignal:  19,762±203stat+syst  (3.7fb-1) 
D0(RunIIa+b)   
Nsignal:  46,803±1099stat+syst  (6.1fb-1) 
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FIG. 3: The J/ψK+ invariant mass distribution of B+ candi-
dates. The dashed line represents the B+ signal distribution
obtained from the fit (solid line).

pµT distribution in the selected data events with a con-
trol sample requiring a pµT independent trigger and then
applying the ratio to the simulated events as a pµT depen-
dent weight factor. A possible dependence of this weight
factor on the dimuon kinematics is evaluated by choos-
ing another sample at higher dimuon masses; this effect
is found to be less than 1%. The pBT spectra in the B0

s

and B+ simulations are corrected following comparisons
of the B+ → J/ψ(µ+µ−)K+ in data and simulation. A
similar correction is obtained from B0

s → J/ψφ decays,
and the difference between the two is assigned as an un-
certainty of 6.5%. The product of the factors multiplying
N(B0

s ) on the right hand side of Eq. 1 is called the sin-
gle event sensitivity. We find a single event sensitivity
(4.9 ± 1.0) × 10−9 for Run IIa and (1.84 ± 0.36) × 10−9

for Run IIb in the signal region. Using the SM prediction
of B(B0

s → µ+µ−) [4], there are 0.74 ± 0.17 events in
Run IIa and 1.95±0.42 events in Run IIb expected in the
signal region. Aside from the background uncertainty,
the largest uncertainty of 15% common to Run IIa and
Run IIb comes from the fragmentation ratio, fu/fs.

We compute the final sensitivity using 2D histograms
of mµµ vs. β of the signal and the backgrounds by
combining the sensitivity of each bin taking into ac-
count the correlated uncertainties. In addition to the
uncertainty on the signal normalization, we add uncer-
tainties on the expected B0

s mass and its resolution in
the calculation. Additional uncertainties on the dimuon
background distributions are assigned to allow for pos-
sible variation in the background mµµ distribution as
a function of β. The resulting median expected lim-
its are B(B0

s → µ+µ−) < 8.5 × 10−8(6.8 × 10−8) for
Run IIa, and 4.6 × 10−8(3.7 × 10−8) for Run IIb at the
95% (90%) C.L. and the combined median expected limit
is B(B0

s → µ+µ−) < 4.0 × 10−8(3.2 × 10−8). The lim-
its are calculated from Eq. 1 using the semi-Frequentist
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FIG. 4: The distribution of mµµ in the highest sensitivity
β region (a), and the distribution of β in the highest sen-
sitivity mµµ region (b) for data (dots with uncertainties),
expected background distribution (solid line), and the SM
signal distribution multiplied by a factor of 100 (dotted-
dashed line). The dimuon background contributions from the
B(D) → µ+νX, B̄(D̄) → µ−ν̄X ′ decays (dashed line) and the
B → µ+νD̄, D̄ → µ−ν̄X decays (dotted line) are also shown.

confidence level approach (CLs) [32–34] with a Poisson
log-likelihood ratio test statistic. The limit incorporates
Gaussian uncertainties on the signal efficiency and the
background. This expected limit is a factor of 2.4 better
than the expected limit of 9.7× 10−8 at the 95% C.L. of
the previous D0 result [17], where 10% of this improve-
ment results from changes in the analysis technique.

After finalizing the selection criteria and all system-
atic uncertainties, we study events in the signal region.
There are 256 events for Run IIa, and 823 events for
Run IIb observed in the signal region where the ex-
pected number of background events is 264 ± 13 events
for Run IIa and 827 ± 23 events for Run IIb. The
observed distributions of dimuon events in the high-
est sensitivity region are shown in Fig. 4. The ob-
served number of events is consistent with the back-
ground expectations. We extract 95% (90%) C.L. limits
of B(B0

s → µ+µ−) < 8.2× 10−8(6.5 × 10−8) for Run IIa
and 6.5×10−8(5.3×10−8) for Run IIb. The resulting com-
bined limit is B(B0

s → µ+µ−) < 5.1 × 10−8(4.2 × 10−8)
at the 95% (90%) C.L. The probability for the expected
background distributions to fluctuate to the observed
data distributions is 31%.

In conclusion, we have reported a search for the rare
decayB0

s → µ+µ− using 6.1 fb−1 of pp̄ collisions collected
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FIG. 4: The µ+µ−K+ invariant mass distribution for events satisfying the baseline and vertex requirements for the B+ →
J/ψK+ sample. The estimated number of B+ candidates are also given.

requirements. The offline reconstruction efficiency between signal and normalization mode also largely cancels in the
ratio with the exception of the kaon efficiency from the B+ decay. Lastly, we obtain the efficiency of the remaining
baseline requirements from the signal MC and cross-check the results by comparing B+ data and MC. Combining all
effects, we find εrecoB+ /εreco

B0
s,d

= 0.82 ± 0.03 (0.83 ± 0.03) for the U-U (U-X) channel. The uncertainty is dominated by

systematic uncertainties accounting for kinematic differences between J/ψ → µ+µ− and B0
s,d → µ+µ− decays.

The efficiency of the NN requirement εNN
B0

s,d

is estimated from the signal MC. The efficiencies are 0.776±0.047(0.789±

0.047) for νNN > 0.80 in the U-U(U-X) channels. On average the νNN efficiencies are 44%, 22% and 12% for the
νNN > 0.995, 0.95 < νNN < 0.995 and 0.80 < νNN < 0.95 bins respectively. We assign a relative systematic
uncertainty of ±6% to both U-U and U-X channels based on comparisons of B+ → J/ψK+ MC and data samples
(Fig. 5) and variations of the MC isolation distribution for B0

s → µ+µ− based on the statistical uncertainty of a study

10.1 First normalization channel: B+→ J/ψK+
1034

The branching ratio of the B+ → J/ψ(µ+µ−)K+ decay is known with a 3.7% precision.

The ratio of acceptance, reconstruction and selection efficiencies are taken from simulation,

Eq. 23 and Eq. 26. The ratio of trigger efficiencies, Eq. 37, can be determined from data

with a relative precision better than 5%. This leaves the uncertainty in the b-hadronization
fractions of 12% to be the dominant uncertainty in the normalization factor. As can be

seen in Fig. 16 after the selection described in Section 7 there is a clear peak which can

be fitted to extract the number of candidates. Several fit models described in Section D.1

are used to estimate the systematic uncertainty on the number of candidates. The best

estimation of the yield on the same data sample used to perform the analysis gives:

B+ → J/ψK+
= 12683± 184stat ± 190syst, , (39)

where the statistical error from the mass fit is given as well as the systematic uncertainty.

This number contains 2.5% duplicated candidates, which is corrected for, and 2.5% is

assigned as uncertainty the determination of this number. The number of B+ → J/ψK+

events which enters in the normalization factor is then

B+ → J/ψK+
= 12366± 403combined , (40)

which gives a single event sensitivity of1035

αB+→J/ψK+

B0
s→µ+µ− = (8.4± 1.3)× 10

−9
(41)

αB+→J/ψK+

B0→µ+µ− = (2.27± 0.18)× 10
−9 , (42)

where the errors of the individual factors entering Eq. 11 are taken as uncorrelated. On1036

Table 26 all the factors entering in the single event sensitivity calculation are summarized.1037
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Eq. 23 and Eq. 26. The ratio of trigger efficiencies, Eq. 37, can be determined from data

with a relative precision better than 5%. This leaves the uncertainty in the b-hadronization
fractions of 12% to be the dominant uncertainty in the normalization factor. As can be

seen in Fig. 16 after the selection described in Section 7 there is a clear peak which can

be fitted to extract the number of candidates. Several fit models described in Section D.1

are used to estimate the systematic uncertainty on the number of candidates. The best

estimation of the yield on the same data sample used to perform the analysis gives:

B+ → J/ψK+
= 12683± 184stat ± 190syst, , (39)

where the statistical error from the mass fit is given as well as the systematic uncertainty.

This number contains 2.5% duplicated candidates, which is corrected for, and 2.5% is

assigned as uncertainty the determination of this number. The number of B+ → J/ψK+

events which enters in the normalization factor is then
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Figure 1: Projections of the fit results in MB (left) and ct (right) for pB

T
> 5 GeV and

��yB
�� < 2.4.

The curves in each plot are the sum of all contributions (solid blue line); signal (dashed red);

prompt J/ψ (dotted green); and the sum of non-prompt J/ψ, peaking bb̄, and J/ψπ+
(dot-dashed

brown). For better visibility of the individual contributions, the MB plot includes a requirement

of ct > 100 µm.

world-average value of 491 ± 9 µm [20]. With the effective lifetime for signal and non-prompt

background fixed, the resolution function parameters are then determined separately in each

bin of pB

T
and

��yB
��. Finally, with all ct resolution and background lifetime parameters fixed, the

signal and background yields are fitted in each bin, together with the parameters describing

the shape of the prompt and non-prompt J/ψ components in MB.

Several studies have verified the accuracy and robustness of the fit strategy. A set of 400 pseu-

doexperiments was performed where signal and background events were generated randomly

from the PDFs in each bin. No biases were observed on the yields, and the fit uncertainties

were also seen to be estimated properly. Having established that the nominal fit procedure is

free of inherent biases, other potential biases caused by residual correlations between MB and

ct were studied by mixing together fully simulated signal and background events to produce

100 pseudoexperiments. Again, no significant evidence of bias in the signal yield was found.

The observed deviations (a few percent) between fitted and generated yields are taken as the

systematic uncertainty due to potential biases in the fit method.

Table 1 summarizes the fitted signal yield in each bin of pB

T
and

��yB
��, while Fig. 1 shows the fit

projections for MB and ct from the inclusive sample with pB

T
> 5 GeV and

��yB
�� < 2.4. The total

number of signal events is 912 ± 47, where the error is statistical only.

The differential cross sections for B
+

production as a function of pB

T
and yB

(averaged for posi-

tive and negative rapidities) are defined as

dσ(pp → B
+X)

dpB

T

=
nsig(pB

T
)

2 �(pB

T
)B L∆pB

T

,
dσ(pp → B

+X)
dyB

=
nsig(

��yB
��)

2 �(|yB|)B L∆yB
, (2)

where nsig(pB

T
) and nsig(

��yB
��) are the fitted signal yields in the given bin, �(pB

T
) and �(

��yB
��) are

the efficiencies in each bin for a B
+

meson produced with pB

T
> 5 GeV and

��yB
�� < 2.4 to pass all

the selection criteria, ∆pB

T
is the bin size in pB

T
, and ∆yB = 2 ∆

��yB
�� is the bin size in yB

. The total

branching fraction B is the product of the individual branching fractions B(B+ → J/ψ K
+) =

(1.014 ± 0.034)× 10
−3

and B(J/ψ → µ+µ−) = (5.93 ± 0.06)× 10
−2

[20]. The factor of two in

the denominator of Eq. 2 takes into account the choice of quoting the cross section for a single

charge (taken to be B
+

), while nsig includes both charge states. All efficiencies, �(pB

T
) or �(

��yB
��),
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Figure 6: Profile-likelihood contour (profiling the background parameters and the signal
fraction) showing the difference in log-likelihood between the global minimum and the
likelihood at each value of AFB and FL for the seven q2 bins used in the analysis. Points
outside the physical region are not included resulting in the triangular boundary visible
in the figures. 11
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