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Introduction
New physics searches in Heavy Flavour sector:

CP violation: 
expected extra force

Rare decays:
‣ small prediction in the 
SM and NP effects could 

arise a the same level
‣ B0(s)→µ+µ–

LFV:
‣ in the SM leptons do not 

change flavour
‣ possible symmetry 
between quarks and leptons
‣ B0(s)→e+µ–
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B0(s)→µ+µ–

Branching fractions well predicted in the SM:

A bit of theory

• B0

d,s ! µ+µ� decays expected to be very rare in Standard Model

• Branching fractions very well predicted, most up to date values are⇤:

B(B0

s ! µ+µ�)CP = (3.34± 0.27) · 10�9

B(B0 ! µ+µ�)CP = (1.07± 0.05) · 10�10

• Due to finite B0

s system width di↵erence CP average at time zero are di↵erent
from time-integrated B

B(B0

s ! µ+µ�)hti =
1 + ysA��

1� y2

s

⇥ B(B0

s ! µ+µ�)CP SM
= (3.56± 0.29) · 10�9

• The measured branching fraction (3.2+1.4
�1.2(stat)

+0.5
�0.3(syst)⇥ 10�9) after the

reverse correction becomes:

B(B0

s ! µ+µ�)CP = 2.7+1.3
�1.0 · 10

�9

where a correction to the e�ciency (discussed later) is also included

⇤Using the new HFAG average of ⌧B0
s
= 1.516 ± 0.011ps.

F. Dettori (Nikhef) Search for B0
d,s ! µ+µ� decays... Tuesday Meeting 9/7/13 5 / 40

Due the finite width of the B0s system the time integrated BF is:

Probe for models with an extended Higgs sector

FCNC decays Rare di-muon decays b ! s`+`� decays Summary Spares

Physics in Flavour changing neutral currents (FCNC)

Small SM prediction... NP can compete at equal level !

Fatima Soomro (LNF - INFN) Rare decays at LHCb, Rencontres de Blois 28 May 2013 3 / 26

Experimental Status
LHCb reported the first evidence of Bs→µ+µ– 
decay with a 3.5 σ significance:

best upper limit on B0→µ+µ– (ATLAS+CMS+LHCb):

B(B0
s ! µ+µ�) = (3.2+1.4�1.2(stat)

+0.5
�0.3(syst))⇥ 10�9

[PRL 110, 021801 (2013)]

[Eur. Phys. J. C72 (2012) 2172]

[arXiv:1207.1158]
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B(B0 ! µ+µ�) < 8.4 · 10�10 @ 95% CL
[LHCb-CONF-2012-017]

B(B0 ! µ+µ�)hti = (3.56± 0.30) · 10�9



B0(s)→µ+µ–

‣ Sig and bkg classification in mµµ vs 
BDT plane:
‣ BDT (improved respect 2fb-1 
analysis):

• Based on kinematic and 
geometrical variables
• trained with MC calibrated on 
data

‣ Data driven calibration

‣ Comparison between expectation and observed events:
• Branching fraction from unbinned likelihood fit 
• Upper limit from CLs method

‣ Blind analysis based on 3fb-1 of data recorded during 2011 and 2012
• 2fb-1 of previous analysis included, re-reconstructed and re-analyzed

NEW
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[LHCb-PAPER-2013-046]

Bs→µ+µ–

B0→µ+µ–
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Calibrations
‣ BDT classifier PDFs are calibrated using:

• B→hh’ events for signal
• mass sidebands B→µµ candidates for bkg 

‣ Invariant mass:
• signal described by a Crystal Ball function:

- mean value calibrated with exclusive 
B→hh’ decays
- resolution from di-µ resonance and 
exclusive B→hh’

• background PDFs from data sidebands 
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[LHCb-PAPER-2013-046]

�B0
s
= 23.2± 0.4MeV/c2

�B0 = 22.8± 0.4MeV/c2
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Normalization
‣ Two control channels used for the normalization: B+→J/ψK+ and B0→K+π–

B+→J/ψK+

∼1.1M events

B0→K+π–

∼38K events

BR = BRcal ⇥
✏RECcal ✏SELcal

✏RECsig ✏SELsig

⇥
✏TRIGcal

✏TRIGsig

⇥ fcal
fd(s)

⇥
NB0

(s)!µ+µ�

Ncal
= ↵(s) ⇥NB0

(s)!µ+µ�

‣ From MC and x-checked on data
‣ Trigger efficiency from J/ψ→µµ data
‣ fs/fd from LHCb measurement (next slide)
‣ Using the SM signal we expect 39.5±4.3 Bs→µ+µ– and 4.5±0.4 B0→µ+µ–

αs = (9.41 ± 0.65)·10–11

α = (2.40 ± 0.09)·10–11
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b fragmentation fs/fd
‣ LHCb used semileptonic decays: ratio of B0s→DsμX to B→D+μX
‣ Combined with hadronic results: ratio of B0s→D−sπ+ to B0→D−K+

‣ Recently updated using new BF(Ds→K+K–π+) from CLEO, BaBar and Belle
‣ Updated B lifetime measurements 

fs
fd

= 0.259± 0.015

New

‣ PT dependence negligible for B0(s)→µ+µ–. Checked the variation as a function of 
√s with B+→J/ψK+ and B0s→J/ψϕ

7

[LHCb-CONF-2013-011]



Time dependent acceptance

8

‣ Bs→µ+µ– time dependent width:

Time dependent acceptance

The B

0

s ! µ

+

µ

� time dependent width depends on the model:

�(Bs ! µµ) = �(B0

s (t) ! µµ) + �(B̄0

s (t) ! µµ) = RHe

��H t +RLe
��Lt =

(RH +RL)e
��st


cosh

yst

⌧Bs

+A
��

sinh
yst

⌧Bs

�

where:

ys =
�L � �H

�L + �H
= 0.01615± 0.0085 A

��

=
�B0

s,H
!µµ � �B0

s,L
!µµ

�B0
s,H

!µµ + �B0
s,L

!µµ

SM
= 1

...and so does the time-integrated e�ciency:

" =

R
"(t)�A,ys (t)dtR
�A,ys (t)dt

Therefore the MC e�ciency has to be modified to take into account model dependence and
data-MC di↵erences in the physics inputs.
Detailed study in: M. Perrin-Terrin et al. - LHCb-INT-2013-012

F. Dettori (Nikhef) Search for B0
d,s ! µ+µ� decays... Tuesday Meeting 9/7/13 21 / 40
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Time dependent acceptance

Aside from the model-dependence there is a bias due to the di↵erence between the physics
parameters implemented in MC and the best knowledge of them. The normalisation must be
corrected by:

�✏ =
✏A��,ys

✏MC
=

R 1
0

�(B0
s(t) ! µ+µ�,A��, ys)✏(t)dtR 1

0
�(B0

s(t) ! µ+µ�,A��, ys)dt
·

R 1
0

e��MCtdt
R 1
0

e��MCt✏(t)dt
.

• Di↵erent lifetimes (this also a↵ects B0)

• Di↵erent ys

• Model dependence of A��

�B0
s
� 1 = (+4.57 ± 0.02)%

�B0 � 1 = (+1.50 ± 0.01)%

BDT shape is also time-acceptance dependent:

Bin PDF Correction

�iPDF � 1 (%)

1 �3.1061 ± 0.0196
2 �1.3778 ± 0.0290
3 �0.3887 ± 0.0392
4 +0.2701 ± 0.0423
5 +0.7193 ± 0.0447
6 +1.3650 ± 0.0457
7 +2.5423 ± 0.0463
8 +4.7365 ± 0.0433
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Detailed study in: M. Perrin-Terrin et al. - LHCb-INT-2013-012

F. Dettori (Nikhef) Search for B0
d,s ! µ+µ� decays... Tuesday Meeting 9/7/13 22 / 40

where:

‣ So the time integrated efficiency is model dependent:

‣ Normalization to be corrected to take into account this effect:

Correction for BS = 4.50±0.03%
Correction for B0 = 1.48±0.01%

‣ BDT PDF also corrected because time dependent

�(B0

s(t) ! µ+µ�) = (RH +RL)e
��st


cosh

yst

⌧Bs

+A
��

sinh

yst

⌧Bs

�
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s ! µ+µ�
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s ! µ+µ�

—— B0 ! ⇡�µ+⌫

—— B0 ! ⇡0µ�µ+

- - - B ! h+h�

For the B0 ! µ+µ� we obtain:

B(B0 ! µ+µ�) = (3.74+2.42
�2.05(LL)± 0.32(Syst.))⇥ 10�10

with a p-value = 4.4 · 10�2 equivalent to a significance of 2.0�
For the B0

s ! µ+µ�

B(B0

s ! µ+µ�) = (2.87+1.11
�0.95(LL)± 0.05(Syst.))⇥ 10�9

with a p-value = 6.8 · 10�5 equivalent to a significance of 4.0�
F. Dettori (Nikhef) Search for B0

d,s ! µ+µ� decays... Tuesday Meeting 9/7/13 37 / 40

B(B0
s ! µ+µ�) = (2.9+1.1�1.0(stat)

+0.3
�0.1(syst))⇥ 10�9

B(B0 ! µ+µ�) = (3.7+2.4�2.1(stat)
+0.6
�0.4(syst))⇥ 10�10

‣ For the Bs we obtain:

‣ with a significance of 4.0 σ
‣ For the B0:

‣ with a significance of 2.0 σ
9

[LHCb-PAPER-2013-046]
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Table 1: Expected background yields from b-hadron decays.

mµµ 2 [4.9, 6.0]GeV/c2 mµµ 2 [4.9, 6.0]GeV/c2

BDT2 [0, 1] BDT> 0.8

B

0

(s) ! h

+

h

0� 14.6± 1.3 2.6± 0.3
B

0 ! ⇡

�
µ

+

⌫µ 115± 6 9.1± 0.5
B

0

s ! K

�
µ

+

⌫µ 10± 4 1.1± 0.4
B

0(+) ! ⇡

0(+)

µ

+

µ

� 28± 8 2.2± 0.6
⇤b ! pµ

�
⌫̄µ 68± 30 3.6± 1.6

ues corresponding to CL
s+b

= 0.5. The number321

of B0 ! µ

+

µ

� candidates is compatible with322

background expectations and therefore an up-323

per limit on its branching fraction is set with324

the CL
s

method. The expected and observed325

upper limits for the B

0 ! µ

+

µ

� channel are326

summarised in Table 2 and the expected and327

observed CL
s

values as a function of the branch-328

ing fraction are shown in Fig. 3.329

Table 2: Expected and observed limits on the
B

0 ! µ

+

µ

� branching fraction.

Limit at 90% CL 95% CL

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10

The maximum likelihood fit is then repeated330

on the full mass range to determine the B

0

s !331

µ

+

µ

� and B

0 ! µ

+

µ

� branching fractions,332

which are free parameters of the fit. The333

B

0

s ! µ

+

µ

� and B

0 ! µ

+

µ

� fractional yields334

in BDT bins are constrained to the BDT frac-335

tions calibrated with the B0

(s) ! h

+

h

0� sample.336

The parameters of the Crystal Ball functions337

that describe the mass shapes and the normal-338

isation factors are restricted by Gaussian con-339

straints according to their expected values and340

uncertainties. The normalisation factors, the341

overall yields of the b-hadron backgrounds, as342

well as the parameters that describe the mass343

distributions and the fractional yields in each344

BDT bin of the B

0

s ! µ

+

µ

� and B

0 ! µ

+

µ

�
345

decay modes and the b-hadron backgrounds346

are considered as nuisance parameters in the347

maximum likelihood fit.348

An excess of B0

s ! µ

+

µ

� candidates with349

respect to background expectation is observed350

with a significance of 4.0 standard deviations,351

while the significance of the B0 ! µ

+

µ

� signal352

is 2.0 �. These are determined from the change353

in likelihood from fits with and without the354

signal component and are cross-checked using355

the CL
s

method. The expected significance356

for the B

0

s ! µ

+

µ

� assuming SM branching357

fraction is 5.2+1.3
�0.8 �.358

The simultaneous unbinned maximum-359

likelihood fit gives B(B0

s ! µ

+

µ

�) =360

(2.9+1.1
�1.0(stat)

+0.3
�0.1(syst)) ⇥ 10�9 and B(B0 !361

µ

+

µ

�) = (3.7+2.4
�2.1(stat)

+0.6
�0.4(syst))⇥10�10. The362

statistical uncertainty is derived from the in-363

terval corresponding to a change of 0.5 with364

respect to the minimum of the log-likelihood,365

after fixing all the fit parameters, except the366

B

0

s ! µ

+

µ

� and B

0 ! µ

+

µ

� branching frac-367

tions and the slope and normalisation of the368

combinatorial background, to their expected369

5

expected
bkg-only

observed
1σ

‣ No significant evidence of signal 
over background 
‣ We quote an UL evaluated using 
CLs method.
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B0(s)→eµ
‣ Charged LFV process are forbidden 
in the SM (∼10–54)
‣ Decays like B0(s)→eµ are allowed in 
model with a local gauge symmetry 
between leptons and quarks like the 
Pati-Salam model
‣ new interaction between lepton 
and quarks mediated by a spin-1 
gauge boson (LQ)

‣ limits from CDF [Phys. Rev. Lett. 102 (2009) 201901]:

B(Bs ! e±µ⌥) < 2.0(2.6) · 10�7 @ 90(95)% CL

B(B0 ! e±µ⌥) < 6.4(7.9) · 10�8 @ 90(95)% CL

[LHCb-PAPER-2013-030]

11

b

s̄

e−

µ+

LQ
[Phys. Rev. D 10 (1974) 275.]



Analysis strategy

‣ Blind analysis based on 1fb-1 of data 
recorded in 2011 (√s = 7TeV)

‣ Analysis inherited from B0(s)→µ+µ– 

‣ Events studied in meµ vs BDT plane

‣ Normalized to Bd→Kπ yield in data

‣ Upper limit on BF evaluated using 
the CLs method 

[LHCb-PAPER-2013-030]
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simulation are larger than their statistical uncertainties.357

The signal region, defined by the invariant mass win-358

dow [5.1, 5.5]GeV/c2, retains (85.0± 0.1
stat

± 5.0
syst

)%359

and (82.0± 0.1
stat

± 5.0
syst

)% of the B0

s ! e±µ⌥ and360

B0 ! e±µ⌥ signal decays, respectively. The system-361

atic uncertainties on these fractions are evaluated with362

pseudo-experiments that fluctuate each parameter by363

defining the mass line shape according to its uncertainty.364

The width of the corresponding fraction distribution is365

taken as the systematic uncertainty.366

The B0

s ! e±µ⌥ and B0 ! e±µ⌥ yields are translated367

into branching fractions according to368

B(B0

(s) ! e±µ⌥) =
B
norm

✏
norm

fd
N

norm

✏
sig

fd(s)
⇥NB0

(s)
!e±µ⌥

= ↵B ⇥NB0
(s)

!e±µ⌥ , (1)

whereN
norm

= 10 120±920 is the number of signal events369

in the normalization channel, and the uncertainty is the370

sum in quadrature of the statistical and systematic un-371

certainties. The B
norm

= (1.94 ± 0.96) ⇥ 10�5 [31] is372

its branching fraction and NB0
(s)

!e±µ⌥ is the number of373

observed signal events. The factors fd and fs indicate374

the probabilities that a b quark fragments into a B0 or375

B0

s meson, respectively. We use fs/fd = 0.256 ± 0.020376

measured in pp collision data at
p
s = 7 TeV [32]. The377

measured dependence of fs/fd on the B meson p
T

[32] is378

found to be negligible for this analysis.379

The e�ciency ✏
sig(norm)

for the signal (normalization)380

channel is the product of the reconstruction e�ciency381

of the final state particles including the geometric de-382

tector acceptance, the selection e�ciency and the trig-383

ger e�ciency. The ratios of acceptance, reconstruction384

and selection e�ciencies are computed with the use of385

simulation. A systematic uncertainty is added to these386

ratios, which takes into account the di↵erence between387

the tracking e�ciencies measured in data and predicted388

in simulation. Reweighting techniques are used for all389

the distributions in the simulation that do not match390

those from data, in particular for those variables that391

depend on N
SPD

. The trigger e�ciency of L0 and392

HLT1 on signal decays is evaluated using data, while the393

HLT2 e�ciency is evaluated in simulation after valida-394

tion with control samples. The electron and muon iden-395

tification e�ciencies are evaluated from data using the396

B+ ! J/ (µ+µ�)K+ and B+ ! J/ (e+e�)K+ con-397

trol samples. The two normalization factors ↵B0
s
and398

↵B0 are determined to be ↵B0
s
= (1.1 ± 0.2) ⇥ 10�9 and399

↵B0 = (2.8± 0.5)⇥ 10�10.400

The BDT range is divided into eight bins with bound-401

aries at 0.0, 0.25, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0. The402

number of expected combinatorial background events in403

each BDT bin and the invariant mass signal region is de-404

termined from data by fitting to an exponential function405

events in the mass sidebands, defined by [4.9, 5.0]GeV/c2406

and [5.5, 5.9]GeV/c2. The BDT output for signal and407

combinatorial background events is shown in Fig. 1.408

BDT
0 0.5 1

-410

-310

-210

-110

1

Signal
Background

LHCb

FIG. 1. BDT binned distribution for signal (black squares)
and combinatorial background (blue circles).

In the exponential function both the slope and the nor-409

malization are allowed to vary. The systematic uncer-410

tainty on the estimated number of combinatorial back-411

ground events in the signal regions is determined by fluc-412

tuating the number of events observed in the sidebands413

according to a Poisson distribution, and by varying the414

exponential slope according to its uncertainty. As a cross-415

check, two other models, the sum of two exponential func-416

tions and a single exponential fitted to the right sideband417

only, have been used and provide consistent background418

estimates inside the signal region.419

The low-mass sideband and the signal region420

are potentially polluted by exclusive backgrounds.421

The background from B+

c ! J/ (µ+µ�)e+⌫e and422

B+

c ! J/ (e+e�)µ+⌫µ decays is evaluated assuming the423

branching fraction value from Ref. [33]. The decays424

B0 ! ⇡�l+⌫l, B0

(s) ! h+h0�, B0

s ! K�l+⌫l, ⇤0

b !425

pl�⌫l and B+ ! ⇡+l+l� (where l± = e± or µ±) are426

potential backgrounds if the hadrons are misidentified427

as electrons or muons. The B0 ! ⇡�l+⌫l and B0

(s) !428

h+h0� branching fractions are taken from Ref. [31]. The429

B+ ! ⇡+l+l� branching fraction is taken from Ref. [34].430

The theoretical estimates of the ⇤0

b ! pl�⌫l and B0

s !431

K�l+⌫l branching fractions are taken from Refs. [35] and432

[36], respectively. We use the ⇤0

b fragmentation fraction433

f
⇤

0
b
measured by LHCb [37] and account for its p

T

de-434

pendence.435

The mass and BDT distributions of these background436

modes are evaluated from simulated samples, using the437

K ! µ/e, ⇡ ! µ/e and p ! µ/e misidentification438

probabilities as a function of momentum and trans-439

verse momentum, which are determined from D⇤+ !440

D0(! K�⇡+)⇡+ and ⇤ ! p⇡� data samples. The441

mass line shape of the B0

(s) ! h+h
0� ! e+µ� peak-442

ing background is obtained from a simulated sample of443

doubly-misidentified B0

(s) ! h+h0� events. Apart from444

B0

(s) ! h+h0�, all background modes are normalized rel-445
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Observed LHCb, 1 fb�1 1.11 (1.36) 2.8 (3.72)
Current (CDF, 2 fb�1) 20.0(20.6) 64.0(79.0)
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New world best limits ∼20 times more stringent than 
limits previously reported.

CLs method to set limits on the branching fractions

[LHCb-PAPER-2013-030]

13

observed

1σ
expected
bkg-only

expected
bkg-only

1σ

observed

B0s→e+µ– B0→e+µ–

B0s→e+µ– at 90%(95%) CL B0→e+µ– at 90%(95%) CL
Expected (LHCb 1fb–1) 1.5 (1.8) 10–8 3.8 (4.8) 10–9

Observed (LHCb 1fb–1) 1.1 (1.4) 10–8 2.8 (3.7) 10–9

Current (CDF 2fb–1) 20.0 (20.6) 10–8 64.0 (79.0) 10–9



lepto-quark mass bounds
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linking the ⌧ lepton to the second (left) and first (right) quark generation, respectively.
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UL on branching fractions set lower bounds to the Pati-Salam lepto-quark mass.
(theoretical formula here: Phys. Rev. D 50 (1994) 6843)
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The LHCb limits are 20 times better than the current world best (CDF)
branching ratio upper limits V lower limits on lepto�quark mass 1
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‣CDF measurements: 

‣LHCb new constraints: 

[LHCb-PAPER-2013-030]

14



Conclusions

➡Rare decays powerful probe to search NP beyond the SM
➡LHCb is demonstrating its power in search for rare 

decays in Heavy Flavour sector
➡New world’s best limit on B0(s)→eµ is presented

➡Brand new results for B0(s)→µ+µ– using the full LHCb 
sample of 3fb–1

➡Confirmed evidence for Bs→µ+µ– with a significance of 
4.0 σ

➡New world best limit on B0→µ+µ– branching fraction
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BDT Calibration B0(s)→eµ
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Combinatorial background for B0
(s) ! e+µ�

Fit mass sidebands in data, in each BDT bin, in mass range [4.9 - 5.0] and [5.5 - 5.9] GeV/c2

Using the fitted exponent, extract the number expected inside signal window [5.1-5.5]GeV/c2

) Use di↵erent fit models: they give compatible results

Expected in [5.1-5.5]GeV/c2

BDT bin Single exponential fit
1 2234±52
2 83±10
3 21±5
4 13±4
5 2.4±2.3
6 3.2±1.8
7 3.2±1.8
8 1.6±1.1
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[Figure] Single and double exponential fits in mass range

[4.9 � 5.0] U [5.5 � 5.9] GeV/c2. Single exponential

fit in range [5.5 - 5.9] GeV/c2.

Fatima Soomro (INFN) cLFV searches at LHCb June 25, 2013 19 / 45

The BDT PDFs  trained on MC are calibrated using:
‣ B→hh for signal:
‣ same topology and kinematics
‣ correction introduced for the presence of an 
electron in the final state 

‣ Data Sidebands for the calibration of the 
background

17



Mass Calibration B0(s)→eµ
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s

! e±µ⌥ (right) for leptoquarks
linking the ⌧ lepton to the second (left) and first (right) quark generation, respectively.
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FIG. 6. BDT distribution (left) and mass distribution (right) for the signal.

8

‣ No proxy channel to calibrate the mass PDF
‣ J/psi->ee used for MC validation 
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B0
(s) ! e+µ� signal mass shape 3/3
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) (82.1± 0.1stat ± 3.6syst)%
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B0
(s) ! e+µ� signal mass shape 1/3

Data driven approaches where possible

) No signal “proxy” i.e. decay with only one electron
) Electrons undergo Bremsstrahlung Bremsstrahlung recovery: function of event multiplicity

) Validate the J/ ! e

+
e

� mass shape from simulation

Simulation: J/ ! e

+
e

�(not re-weighted)
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Normalization B0(s)→eµ
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B0
(s) ! e+µ�: Normalization
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[a] PDG, [b] LHCb: Phys. Rev. D 85 (2012) 032008,
[c] Phys. Rev. Lett. 110, 021801 (2013)
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Backgrounds B0(s)→µ+µ–

20

‣ The main background is the combinatorial from 
bb→μ+μ– events extrapolated from mass sidebands 

‣Decays from partially reconstructed and/or 
misidentified decays: 
‣ contributing to the signal region: B→h+h–→µ+µ– 
‣ modifying the sidebands composition: 
‣ Semileptonics: B0→π+µ–ν, B0s→K+µ– ν, 
Λb→pµ– ν, B+c→J/ψµ+ ν
‣ Rare decays: B+→π+µ–µ+, B0→π0µ–µ+

‣ Many others considered and found negligible 

Backgrounds

• The main background is the
combinatorial from bb̄ ! µ

+

µ

� events
extrapolated from mass sidebands
(discussed later)

• Decays from partially reconstructed
and/or misidentified decays:

? contributing to the signal region:
B ! h

+

h

� ! µµ

? modifying the sidebands
composition:
X Semileptonics: B0 ! ⇡�µ+⌫,

B0
s ! K�µ+⌫, ⇤0

b ! pµ�⌫,

B+
c ! J/ µ+⌫

X Rare decays: B+ ! ⇡+µ�µ+,
B0 ! ⇡0µ�µ+,

X Many others considered and
found negligible (B0

s ! µ+µ��,
B0

s ! µ⌫µ⌫,
B ! D(! µX)µX)

From large sample of inclusive bb̄ ! µ

+

µ

�

MC:

bb̄ ! µ

+

µ

�
X 95.2%

b ! µ

+

µ

�
X 0.1%

B0 ! ⇡�µ+⌫

B0 ! ⇡0µ�µ+

B ! h+h�

Demonstrative plot
not actual shapes/yields

F. Dettori (Nikhef) Search for B0
d,s ! µ+µ� decays... Tuesday Meeting 9/7/13 26 / 40

The expected number of combinatorial background202

events is determined by interpolating between the in-203

variant mass sidebands defined as [4900MeV/c2,mB0 �204

60MeV/c2] and [mB0
s
+ 60MeV/c2, 6000MeV/c2]. The205

resulting distribution of combinatorial background in206

BDT bins is compared to that of the signal in Fig. 1.207

The low-mass sideband and the B0 and B0

s signal re-208

gions contain a small amount of background from other209

b-hadron decays. A subset of this background requires210

the misidentification of one or both of the candidate211

muons and includes B0 ! ⇡�µ+⌫µ, B0

(s) ! h+h0�,212

B0

s ! K�µ+⌫µ and ⇤0

b ! pµ�⌫̄µ decays. In order213

to estimate the contribution from these processes, the214

B0 ! ⇡�µ+⌫µ and B0

(s) ! h+h0� branching fractions215

are taken from Ref. [26], while, in absence of measure-216

ments, theoretical estimates of the ⇤0

b ! pµ�⌫̄µ [27]217

and B0

s ! K�µ+⌫µ [28] branching fractions are used.218

Misidentification probabilities for the tracks in these219

decays are measured directly with control channels in220

data.221
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Figure 1: BDT distribution for signal (black squares)
and combinatorial background (blue circles).

Background sources without any misiden-222

tification such as B+

c ! J/ µ+⌫µ [29] and223

B0(+) ! ⇡0(+)µ+µ� [30] decays are also consid-224

ered. The expected yields of all the b-hadron225

background modes are estimated by normalising226

to the B+ ! J/ K+ decay with the exception of227

B0

(s) ! h+h0�, for which the explicit selection yields228

are used, correcting for the trigger e�ciency ratio. No229

veto is imposed on soft photons, as the contribution of230

B0

s ! µ+µ�� is negligible, as are contributions from231

B0

s ! µ+µ�⌫µ⌫̄µ decays [31]. The expected number232

of events for each of the backgrounds from b-hadron233

decays is shown in Table 1.234

Table 1: Expected background yields from b-hadron
decays, with dimuon mass mµµ 2 [4900, 6000]MeV/c2.

Yield
Fraction for

BDT> 0.7 [%]

B0

(s) ! h+h0� 14.6± 1.3 28

B0 ! ⇡�µ+⌫µ 115± 6 15
B0

s ! K�µ+⌫µ 10± 4 21
B0(+) ! ⇡0(+)µ+µ� 28± 8 15
⇤0

b ! pµ�⌫̄µ 68± 30 11

The compatibility of the observed distribution of235

events with that expected for a given branching frac-236

tion hypothesis is computed with the CL
s

method [32].237

The method provides CL
s+b

, a measure of the compat-238

ibility of the observed distribution with the signal plus239

background hypothesis, CL
b

, a measure of the com-240

patibility with the background-only hypothesis, and241

CL
s

= CL
s+b

/CL
b

. This method is used to obtain lim-242

its on the signal branching fractions, where appropriate,243

while a maximum likelihood fit is used to determine244

central values of the branching fractions as well as the245

signal significances.246

For each bin in the BDT output the invariant mass247

signal regions are divided into nine bins with boundaries248

mB0
(s)

±18, 30, 36, 48, 60MeV/c2, leading to a total of 72249

search bins. In each bin, the expected number of signal250

and background events is computed and compared to251

the number of observed candidates.252

The expected background yield inside each of the sig-253

nal regions is estimated with a simultaneous unbinned254

maximum-likelihood fit to the sideband regions in the255

mass projections of the BDT bins. The backgrounds256

from B0

(s) ! h+h0�, B0 ! ⇡�µ+⌫µ, B0

s ! K�µ+⌫µ257

and B0(+) ! ⇡0(+)µ+µ� are included as separate com-258

ponents in the fit. The parameters that describe the259

mass distributions of the b-hadron backgrounds, their260

fractional yields in each BDT bin and their overall261

yields are limited by Gaussian constraints around the262

expected values according to their uncertainties. The263

combinatorial background is parametrised with an ex-264

ponential function with both the slope and the nor-265

malisation allowed to vary. The uncertainties on the266

estimated number of combinatorial background events267

in the signal regions are determined by fluctuating the268

numbers of events observed in the sidebands according269

to Poisson distributions, and by varying the exponen-270
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