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Indirect searches for new phenomena 

Johannes Albrecht 

Direct searches 
 

Production and measurement  
of new particles 

 
à Limit given by available energy 

 
à O(1TeV) testable 

Indirect searches 
 

Measurement of new particles  
in quantum fluctuations 

 
à Limit given by precision 

 
à O(100) TeV testable 

Flavour Physics 
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Outline 

•  Flavour physics == physics with heavy flavour decays 

•  Beauty physics 
–  Beauty hadron production  
–  Precision measurements of CP violation 
–  Rare decays 

•  Charm & Kaon physics 
–  Mixing and CP violation in charm decays 
–  Rare charm decays 
–  Lepton universality in Kaon decays 

•  Future flavour facilities 

•  This talk covers only few selected highlights 
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The LHC: a charm and 
beauty factory 

Large production of charm and beauty 
Cross sections at √s=7 TeV: 

 !bb(pp!bbX) =(284 ± 20 ± 49)µb 
  !cc(pp!ccX)=(6.10 ± 0.93)mb 

  charm is ~20 times more abundant than beauty  

Phys. Lett. B694: 209-216, 2010 
LHCb-CONF-2010-013 !"

The LHC as 
charm and 

beauty factory 
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LHC performance in 2012 

8. März 2013 Johannes Albrecht 

•  Luminosity levelling: stable running and trigger conditions for LHCb 
even with LHC running at high luminosity (LLHCb = 4 x 1032cm-2s-1) 

•  Plans for 2015 
–  √s = 13 TeV (HF cross section x2) 
–  Bunch spacing 25ns (smaller pileup) 

2012 : another “luminous” year at LHC!

Luminosity leveling guarantees adequate and stable running and trigger conditions for 
LHCb even with LHC running at high luminosity (true also for HL-LHC)!
!
Plans for 2015:!
•  s = 13 TeV (increased HF cross sections x2)!
•  Bunch spacing 25 ns (smaller pileup) – L ~ 1034 (Atlas & CMS) – L ~ 4 1032 (LHCb)!

p p!

> 22/fb!
Atlas, CMS!

> 2/fb LHCb!

!"#

> 9/pb Alice!
Pb-Pb runs / ALICE, ATLAS, CMS!
p-Pb runs / all the experiments!
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B production @ √s=7TeV 
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.

Bs production with J/ψϕ
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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

8. März 2013 Johannes Albrecht 

L(fb-1) σacc(µb) bb / 1011 

ATLAS / CMS 27 75 2.7 

LHCb 3 75 0.3 

CDF / D0 9.5 2.8 0.03 

Belle + BaBar 832+426 0.0011 0.001 
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Beauty hadron production – Λb mass and lifetime 

8. März 2013 Johannes Albrecht 

Summer 2012 ATLAS 
Phys. Rev. D 87, 032002 (2013) 
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Exotic states in B decays – X(3872) 

•  !("#$%) discovered by Belle ~10 years ago 
–  Still unclear what X(3872) is 
–  Knowledge of quantum numbers crucial for understanding its nature 

•  JPC = 1++: DDbar molecule? Tetra quarks? χc1 (23P1) ? 
•  JPC = 2-+: ηc2(11D2) ? 

•  Measure decay B+à X(3872) K+ 

•  Discriminate between quantum  
numbers by using the 5-D 
angular correlations  

8. März 2013 Johannes Albrecht 
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Precision measurements of 
CP violation in beauty decays 

φs and γ	
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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

Johannes Albrecht 

NP? 

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

•  Precise SM calculation for φs 
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 
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CP violation in BsàJ/ψφ	
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New @ LaThuile 
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LHCb: CP violation in BsàJ/ψφ	
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New @ LaThuile 

BsàJ/ψφ 

φs
SM = -0.0363±0.0016rad 
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LHCb: CP violation in BsàJ/ψπ+π- 

8. März 2013 Johannes Albrecht 13/39 



LHCb: CP violation in BsàJ/ψπ+π- 

8. März 2013 Johannes Albrecht 

φs
SM = -0.0363±0.0016rad 

New @ LaThuile 
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ATLAS: CP violation in BsàJ/ψφ 

8. März 2013 Johannes Albrecht 

Stefania Spagnolo Les Rencontres de Moriond EW, 2-9 March 2013Heavy Flavor Measurements at LHC

CP-violating !s phase and "#s 
from Bs!J/$ !

x axis: defined by the direction of 
the ! in the J/$ rest frame; 

y axis: in the plane defined by K
+K-, with py(K+)>0; z axis follows

!, "  = polar and azimuthal angles 
of the %+ in the J/$ rest frame; 

# angle between the x axis and K
+ in the ! rest frame

26

The transversity frame

Summer 2012 ATLAS

JHEP 12 (2012) 072

Results

SM prediction [hep-ph/0605213] 
!s =-0.0368±0.0018

A0 and A|| 
correspond to final 
states with CP-
even eigenvalues 
(L=0,2)

A! corresponds to 

final states with 
CP-odd eigenvalue 
(L=1)

Stefania Spagnolo Les Rencontres de Moriond EW, 2-9 March 2013Heavy Flavor Measurements at LHC

CP-violating !s phase and "#s 
from Bs!J/$ !

ATLAS B0s measurements compared with other 
measurements and SM prediction arXiv:1102.4274 [hep-ph]
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JHEP 12 (2012) 072

in ATLAS 4-fold ambiguity solved 
using LHCb constraintsLHCb results here 

superseded
this morning

Old LHCb result used 
update significantly 

improved 
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BsàJ/ψφ 
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in ATLAS 4-fold ambiguity solved 
using LHCb constraintsLHCb results here 

superseded
this morning

•  ATLAS performed an untagged measurement 
‒  ΔΓs measured with interesting precision  
‒  φs has significant penalty  

•  Comparison of BsàJ/ψφ analyses 
φs

SM = -0.0363±0.0016rad 
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CKM angle γ	
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CKM triangle history 
1995 2001 2006 2012

16/39 

Inconsistencies in CKM triangle might reveal new phenomena 



Determination of γ from BàDK decays 
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Combination of BàDK results 

8. März 2013 Johannes Albrecht 

Eingeladener Vortrag: M. Karbach T7.3 

CKM 2012 
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•  g 
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Rare beauty decays 
 

1)  Bs,d→ µ+µ- 

2)  b→s l+l- 

3)  B→ τ ν and B →D(*) τ ν 
19/39 



Golden channel: Bs,d→ µ+µ- 

Johannes Albrecht 

Theory prediction: Standard Model 

è Very sensitive to new particles  
and their couplings  
(e.g. in extended Higgs sectors,  
SUSY, etc.) 

Zerfall SM 
Bs→ µ+µ- 3.5±0.3  x 10-9 

B0→ µ+µ-  1.1±0.1  x 10-10 

Review experiment: J.A.: MPL A27 1330028 (2012)  
SM: Buras, Isidori: arXiv:1208.0934 

Left handed couplings 
à helicity suppressed 

e.g. SUSY 

Standard Model 

Precise measurement of these decays is one of the 
main goals of the LHCb experiment 

Discovery channel for New Phenomena 
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Search strategy 

Johannes Albrecht 

BDT
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-410
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-110
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Signal

Background

LHCb

Figure 1: BDT PDF for the signal (black squares) and combinatorial background (blue
open points) (see also Sect. 3.4). Values are normalized to the bin size.

Table 1: BDT PDF estimation, normalized to bin size, for the 2012 dataset for signal and
combinatorial background (see also Sect. 3.4).

BDT range signal [%] comb. background [%]

[0.00, 0.25] 17.1+1.6
−1.6 94.16+0.25

−0.25

[0.25, 0.40] 16.5+1.7
−1.7 3.79+0.19

−0.18

[0.40, 0.50] 13.9+1.3
−1.3 1.31+0.14

−0.14

[0.50, 0.60] 13.37+0.88
−0.86 0.444+0.091

−0.081

[0.60, 0.70] 13.49+0.96
−0.94 0.211+0.068

−0.056

[0.70, 0.80] 13.3+1.2
−1.2 0.035+0.042

−0.023

[0.80, 1.00] 12.31+0.92
−0.91 0.020+0.017

−0.010

3.2 Calibration of likelihoods for signal: invariant mass112

The invariant mass distribution for the signal is described by a Crystal Ball function. The113

central value of the masses is obtained from the invariant mass distribution of B0
(s) → h+h−114

events separated into four different decay channels following the mπ+π− , mKπ, mπK , and115

mKK mass hypotheses. These are shown in Fig. 2 and are used to determine the central116

value of the invariant mass for B0
(s) → µ+µ−.117

Table 2 summarizes the results for the central values. For mB0 we use a weighted118
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Figure 10: Simultaneous fit of the invariant mass distribution in the 8 BDT bins of
2011 (top) and 7 BDT bins of 2012 (bottom) data; black line is B0 → π−µ+νµ, cyan is
B+(0) → π+(0)µ+µ−, green dashed is B0

(s) → h+h− misID, red is B0
s → µ+µ− and, purple

is B0 → µ+µ−. The fit result is superimposed in blue.
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Figure 10: Simultaneous fit of the invariant mass distribution in the 8 BDT bins of
2011 (top) and 7 BDT bins of 2012 (bottom) data; black line is B0 → π−µ+νµ, cyan is
B+(0) → π+(0)µ+µ−, green dashed is B0

(s) → h+h− misID, red is B0
s → µ+µ− and, purple

is B0 → µ+µ−. The fit result is superimposed in blue.
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Evidence for Bs→ µ+µ- 

Johannes Albrecht 

•  First branching fraction measured: 
  

 

•  Limits obtained by other experiments: 
–  CMS (5fb-1):  BR < 7.7 x 10-9  (sensitivity ~ LHCb with 2011+2012 dataset) 
–  ATLAS (2.4fb-1):  BR < 22 x 10-9  
–  CDF (10fb-1):  BR < 31 x 10-9  

BR(Bs ! µ+µ" ) = (3.2"1.2
+1.5 )#10"9

TABLE I. Expected and observed limits on the B0 →
µ+µ−

branching fractions for the 2012 and for the combined

2011+2012 datasets.

Dataset Limit at 90% CL 95% CL

2012 Exp. bkg+SM 8.5× 10
−10

10.5× 10
−10

Exp. bkg 7.6× 10
−10

9.6× 10
−10

Observed 10.5× 10
−10

12.5× 10
−10

2011+2012 Exp. bkg+SM 5.8× 10
−10

7.1× 10
−10

Exp. bkg 5.0× 10
−10

6.0× 10
−10

Observed 8.0× 10
−10

9.4× 10
−10

nents is also evaluated for the 2011 dataset, modifying
the number of expected combinatorial background in the
signal regions. The results for the B0

(s) → µ+µ− branch-
ing fractions have been updated accordingly. We ob-
tain B(B0

s → µ+µ−) < 5.1 × 10−9 and B(B0 → µ+µ−)
< 13×10−10 at 95% CL to be compared to the published
limits B(B0

s → µ+µ−) < 4.5× 10−9 and B(B0 → µ+µ−)
< 10.3×10−10 at 95% CL [8], respectively. The (1-CLb)
p-value for B0

s → µ+µ− changes from 18% to 11% and
the B0

s → µ+µ− branching fraction increases by ∼ 0.3σ
from (0.8+1.8

−1.3) × 10−9 to (1.4+1.7
−1.3) × 10−9. This shift

is compatible with the systematic uncertainty previously
assigned to the background shape [8]. The values of the
B0

s → µ+µ− branching fraction obtained with the 2011
and 2012 datasets are compatible within 1.5σ.

The 2011 and 2012 results are combined by computing
the CLs and performing the maximum-likelihood fit si-
multaneously to the eight and seven BDT bins of the 2011
and 2012 datasets, respectively. The parameters that
are considered 100% correlated between the two datasets
are fs/fd, B(B+ → J/ψK+) and B(B0 → K+π−), the
transition point of the Crystal Ball function describing
the signal mass lineshape, the mass distribution of the
B0

(s) → h+h�− background, the BDT and mass distri-

butions of the B0 → π−µ+νµ and B0(+) → π0(+)µ+µ−

backgrounds and the SM predictions of the B0
s → µ+µ−

and B0 → µ+µ− branching fractions. The distribution of
the expected and observed events in bins of BDT in the
signal regions obtained from the simultaneous analysis of
the 2011 and 2012 datasets, are summarized in Table II.

The expected and observed upper limits for the B0 →
µ+µ− channel obtained from the combined 2011+2012
datasets are summarized in Table I and the expected
and observed CLs values as a function of the branching
fraction are shown in Fig. 1. The observed CLb value
at CLs+b = 0.5 is 89%. The probability that back-
ground processes can produce the observed number of
B0

s → µ+µ− candidates or more is 5 × 10−4 and corre-
sponds to a statistical significance of 3.5σ. The value of
the B0

s → µ+µ− branching fraction obtained from the fit

]9!) [10!µ +µ " 0BB(
0.2 0.4 0.6 0.8 1 1.2 1.4

s
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(8TeV)1!(7TeV) +1.1 fb1!1.0 fb

FIG. 1. CLs as a function of the assumed B0 → µ+µ−
branch-

ing fraction for the combined 2011+2012 dataset. The dashed

gray curve is the median of the expected CLs distribution if

background and SM signal were observed. The shaded yellow

area covers, for each branching fraction value, 34% of the ex-

pected CLs distribution on each side of its median. The solid

red curve is the observed CLs.
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FIG. 2. Invariant mass distribution of the selected B0
s →

µ+µ−
candidates (black dots) with BDT > 0.7 in the com-

bined 2011+2012 dataset. The result of the fit is over-

laid (blue solid line) and the different components detailed:

B0
s → µ+µ−

(red long dashed), B0 → µ+µ−
(green medium

dashed), B0
(s) → h+h�−

(pink dotted), B0 → π−µ+νµ

(black short dashed) and B0(+) → π0(+)µ+µ−
(light blue

dot dashed), and the combinatorial background (blue medium

dashed).

is

B(B0
s → µ+µ−) = (3.2+1.4

−1.2(stat)
+0.5
−0.3(syst))× 10−9

and is in agreement with the SM expectation. The in-
variant mass distribution of the B0

(s) → µ+µ− candidates
with BDT > 0.7 is shown in Fig. 2.

The true value of the B0
s → µ+µ− branching fraction is

contained in the interval [1.3, 5.8]×10−9([1.1, 6.4]×10−9)
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Highlight after 25 years of 
searches (Argus 1987) 

In good agreement with SM, 
but 40% uncertainty 
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8. März 2013 

•  New analysis: 3.5σ 
evidence for decay 
Bs→ µ+µ- (HCP 12) 

Signal region: Bs→ µ+µ- 

HCP2012 
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Implications of Bs→ µ+µ- 

Johannes Albrecht 

 

Strong constraints on many new 
physics models 

 

à together with direct 
searches: „Constrained SUSY“ 

models (almost) excluded 
 

Allowed parameter space 2011: 

•  Future key measurement: ratio of decay rates of  
B0→ µ+µ- / Bs→ µ+µ- 

–  Allows test of a new category of scenarios 
à e.g. hypothesis of „Minimal Flavour Violation“  

8. März 2013 23/39 



Electroweak penguin decays: b→s l+l- 

•  b→s l+l- decays allow precise tests of Lorentz structure  
–  Sensitive to new phenomena via non-standard couplings 
–  Best described with effective field theory 

8. März 2013 Johannes Albrecht 

Sensitivity to NP through rare decays

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

O7 ∼ mb(s̄LσµνbR)Fµν � �

O9 ∼ (s̄b)V−A(�̄�)V �

O10 ∼ (s̄b)V−A(�̄�)A � �

OS,P ∼ (s̄b)S+P(�̄�)S,P �

In the SM:

CS ,P ∝ m�mb/m
2
W ∼ 0.

Helicity flipped operators (C
�
iO

�
i ) suppressed by ms/mb.

T. Blake Rare B decays at LHCb 4 / 23

EFT (Effective Field Theory) in the SM (Standard Model) for . . .

b Ñ s ` γ and b Ñ s ` �`�´

Ñ Cγ
7

ˆ
b s 

−+ −+ +

Ñ C��̄
9,10

ˆ
b s 

l l

O
γ
7

“ e
p4πq2

mbrs̄ σµνPR bsFµν , O
��̄
9,10 “ αe

4π
rs̄ γµPL bsr�̄ γµp1, γ5q �s

and

current-current op’s b Ñ s ` QQ, pQ “ u, cq
QCD penguin op’s b Ñ s ` qq, pq “ u, d , s, c, bq
chromo-magnetic dipole b Ñ s ` gluon

ñ induce backgrounds

b Ñ s ` pqq̄q Ñ s ` �`�´

vetoed in exp’s for q “ c: J{ψ and ψ1

C. Bobeth HCP 2012 November 14, 2012 3 / 23

SM: 
•  OS,P~0 
•  Helicity flipped operators Oi’ suppressed by ms/mb 

B+→ K+ µ+µ- 

 
O9,10, OS, P, 

OT , T5 
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Overview: Experimental data in b→s l+l-  

8. März 2013 Johannes Albrecht 

Experimental data: b Ñ s �`�´ – number of events

# of evts BaBar Belle CDF LHCb
2012 2009 2011 2011/12

471 M B̄B 605 fb´1 9.6 fb´1 1 fb´1

B0 Ñ K ˚0 ��̄ 137 ˘ 44: 247 ˘ 54: 288 ˘ 20 900 ˘ 34
B` Ñ K ˚` ��̄ 24 ˘ 6 76 ˘ 16
B` Ñ K ` ��̄ 153 ˘ 41: 162 ˘ 38: 319 ˘ 23 1232 ˘ 40
B0 Ñ K 0

S ��̄ 32 ˘ 8 60 ˘ 19
Bs Ñ φ ��̄ 62 ˘ 9 77 ˘ 10
Bs Ñ µµ̄ emerging

Λb Ñ Λ ��̄ 51 ˘ 7

B` Ñ π` ��̄ limit 25 ˘ 7

CP-averaged results
vetoed q2 region
around J{ψ and ψ1
resonances
: unknown mixture of
B0 and B˘

Babar arXiv:1204.3933

Belle arXiv:0904.0770

CDF arXiv:1107.3753 + 1108.0695
+ ICHEP 2012

LHCb LHCb-CONF-2012-008
(-003, -006),
arXiv:1205.3422 + 1209.4284

+ 1210.4492 + 1211.2674

Outlook / Prospects

Belle reprocessed all data 711 fb´1 Ñ final analysis ?

LHCb end of 2012 additional Á 2 fb´1 and p5 ´ 7q fb´1 by the end of 2017

ATLAS / CMS pursue also analysis of B Ñ K ˚µµ̄ and B Ñ Kµµ̄

Belle II / SuperB expects about (10-15) K events B Ñ K ˚��̄ (Á 2020) [A.J.Bevan arXiv:1110.3901]

C. Bobeth HCP 2012 November 14, 2012 7 / 23

C
. B

obeth, H
C

P 12 
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Constraints on Wilson coefficients 

b→ sγ, b→ s�+�−, ACP (b→ sγ), SK∗γ , B
+→ K+µ+µ−, B0→ K∗0µ+µ− and B0

s → µ+µ−
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W. Altmannshofer et al. [arXiv:1206.0273]
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Constraints on mass scale of New Particles Constraints on NP models?

Can turn constraints on Wilson coefficients in ∆F = 1 b→ s into
constraints on the mass-scale of NP:

Tree level contribution with
O(1) couplings:

LNP ∼
1

Λ2
NP

ONP

→ ΛNP > O(15TeV)−O(140TeV)

Loop and CKM suppressed:

LNP ∼
VtbV ∗

ts

(4π)2
1

Λ2
NP

ONP

→ ΛNP > O(300GeV) → O(2TeV)
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Branching fraction of B-→τ- ν 

βsin 2
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B
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Winter 12

CKM
f i t t e r

CKM fit without 
these two 
measurements

World average
measurements 

B-!!-
 "  problem? 

!  B-!!-
 ", tree process: 

!  sin2#, CPV in e.g. Bo!J/$ Ks: Box diagram 
!  Measurement not in 
  good agreement with 
  SM prediction based 
  on CKM fit   (Yook || talk) 

ICHEP, Melbourne, July 9, 2012 ! 40 

Can be new particles 
instead of W- but why 
not also in D(s)!"+"? + 

Discrepancy may be 
resolved; what 
caused the change? 

New Belle 
Result 

0.072!0.025
+0.027 ± 0.011( )x10!3
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Winter 12

CKM
f i t t e r

CKM fit without 
these two 
measurements

World average
measurements 

B-!!-
 "  problem? 

!  B-!!-
 ", tree process: 

!  sin2#, CPV in e.g. Bo!J/$ Ks: Box diagram 
!  Measurement not in 
  good agreement with 
  SM prediction based 
  on CKM fit   (Yook || talk) 

ICHEP, Melbourne, July 9, 2012 ! 40 

Can be new particles 
instead of W- but why 
not also in D(s)!"+"? + 

Discrepancy may be 
resolved; what 
caused the change? 

New Belle 
Result 

0.072!0.025
+0.027 ± 0.011( )x10!3

•  B-→τ- ν, tree level decay 
–  Sensitive to charged Higgs 

•  Previous measurements not in 
good agreement with SM 
prediction based on CKM fit 

•  Belle result (ICHEP 12): 
–  BR (B-→τ- ν) =  

(0.072+0.027
-0.025 ±0.011)x 10-3 

–  BR factor 2 below previous 
world average  

–  Consistent with CKM fit  

28/39 

B. Kronenbitter, T41.2 
J. Hasenbusch, T41.4 



Branching fraction of B→D(*) τ- ν 

8. März 2013 Johannes Albrecht 

R(D) = BR(B!D!")
BR(B!D!!)

and R(D!) = BR(B"D!!")
BR(B"D!!!)

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

!+/01+2"340,&$+,-%5&60"7&-& 8&
&
&
&

&
9+5"&"7+&!:&;%&/+-5#<04=&"7+&<-"035>&&&&&&&&&&&&&&&&&&&&&&&&&&&&&

&&-4$& 8&
!+?+<-1&"7+3<+"0,-1&-4$&+@2+<0/+4"-1&#4,+<"-04"0+5&
,-4,+1&04&"7+&<-"038&&
&

!+450"0?+&"3&-$$0"034-1&-/210"#$+58&&
A7-<=+$&B0==5&(+4"+<04=&"7<3#=7&"7+&5,-1-<&-/210"#$+*8&

CC&

341%&D3<& &
&

BE&+4"+<5&7+<+&(5,-1-<*8&
!/-11&"+</&D3<&1F+G

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

HC&

B-$<340,&-/210"#$+5&!"F&+
!"

!-4$<04+&I/+<%E!,7<+4J&&&K-&97#01+&CL.M& CC&

Conclusion

Motivation Principle Measurements Conclusion

Daniel Zander – B → D(∗)τν at Belle September 30th, 2012 29/42

•  Tree level decay, NP sensitivity  
very similar to B-→ τ- ν	



•  Test SM by measuring the ratios 

•  BaBar: 3.4σ tension to SM 
•  Belle supports tension, update 

expected soon 

•  Interesting to compare  
BR(B→τ- ν) and BR(B→D(*) τ- ν) 

29/39 

M. Huschle, T40.4 



8. März 2013 Johannes Albrecht 

Beauty physics ≠ flavour physics 

Charm physics 
1)   ΔACP 
2)  Observation of charm mixing 
3)   D0→ µ+µ- 

Kaon physics 
1)  Lepton universality 
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CP violation in charm decays 

8. März 2013 Johannes Albrecht 

Updates for D* tagged and new muon tagged analysis VERY soon 

•  Very small (<0.1%) CPV predicted in charm decays 
–  Hard to calculate reliably 

•  Experimentally clean observable: 
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Watch out for  
updates 

PRL viewpoint 
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Observation of charm mixing 

•  Charm mixing can be measured in the ratio of right sign vs 
wrong sign D0àKπ decays 

•  LHCb has established mixing at 9.1σ	


–  First observation of charm mixing by a  

single experiment 
8. März 2013 Johannes Albrecht 

LHCb 1fb-1 
PRL110 101802 (2013) 

PRL viewpoint 

HCP2012 
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Rare charm decays: D0→ µ+µ- 

•  D0→ µ+µ- decays 
–  Very strong GIM suppression  
–  SM: 

•  LHCb Measurement  

8. März 2013 Johannes Albrecht 
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Lepton universality in Kaon decays: RK 

•  NA62 recently published the final  
measurement of RK 

•  Sensitive to LFV couplings  
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Near future: Na62 and K+→ π+ νν  

8. März 2013 Johannes Albrecht 
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NA62 plans to restart with the LHC 2015 and will collect  
O(100) K+→ π+ νν decays in 2 years  

and will perform a 10% measurement of Vtd 
 

SM: BR ~ 8 x 10-11 
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Near future: (super) B-factories & LHC 

•  BaBar & Belle are analysing  
final dataset 
–  Re-reconstruction with significantly  

increased the efficiencies 

•  Belle II is in preparation,  
commissioning scheduled for 2014 

•  LHC data from 2011+2012 not fully analysed 
–  Most LHCb results use 1/3 of collected dataset 
–  Similar situation for ATLAS & CMS heavy flavour measurements 

•  LHC will restart in 2015 with √s=13TeV 
–  Heavy flavour cross section x 2 
–  LHCb plans detector upgrade for 2018 

8. März 2013 Johannes Albrecht 
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2018-2022: LHCb Physics with 50fb-1 

8. März 2013 Johannes Albrecht 

Selected list of key observables: 
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LHCb  
2018 

LHCb 
50fb-1 

(pseudo)- scalar BR(Bsàµ+µ-) 1.5 10-9 0.5 10-9 
 

0.15 10-9 
 

MFV BR(Bsàµ+µ-)/
BR(Bdàµ+µ-) 
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Bs mixing 2βs 0.1 0.025 0.008 
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Summary 

•  No compelling evidence for physics beyond the SM yet 
–  Heavy Flavour is very sensitive to new effects at high mass scales 
–  All NP theories must satisfy stringent experimental constraints 

•  Experiments have not confirmed effects with marginal 
statistical significance (however, some remain)  
–  Will some stand when precision improves? 

•  We are looking forward to new flavour physics discoveries  
–  from the LHC & its upgrades 
–  From Belle II and Na62 
–  Or other experiments (BESIII, MEG, ….) 
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Thanks 

•  Thanks for suggestions and information 
–  Stephanie Hansmann-Menzemer 
–  Ulrich Uwer 
–  Rainer Wanke 
–  Wolfgang Walkowiak 
–  Jochen Dingfelder 
–  Thomas Kuhr  
–  Soeren Lange 
–  Christoph Bobeth 
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Precision measurement of Bs mixing 

•  Precision measurements of Bs mixing 
–  Decay time dependent analysis  

of Bsà Dsπ decays  
–  Dominant systematics:  

decay length & momentum scale 

8. März 2013 Johannes Albrecht 
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CP violation in Bs mixing 
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Bsà J/ψφ : Angular analysis ML fit 

8. März 2013 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:
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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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LHC(b) long term plan 

8. März 2013 Johannes Albrecht 

LHC schedule assumptions 28 
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√s=7/8TeV; LLHCb= 3-4x1032 cm-2s-1 

à ~1.5fb-1/year 2.5/fb 
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√s=13/14TeV; LLHCb= 4x1032 cm-2s-1 

à 1.5-2fb-1/year 

√s=14TeV; LLHCb= 1-2x1033 cm-2s-1 

à >5fb-1/year 

√s=14TeV; LLHCb= ~2x1033 cm-2s-1 
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Figure 1: Mass spectrum for selected K0
S → π+π− candidates in the MB sample. The

black points correspond to the mass reconstructed under the ππ mass hypothesis for the

daughters, while the red triangles correspond to the mass reconstructed under the µµ
mass hypothesis.

meson (< 400 µm) are also applied. Furthermore, Λ decays are vetoed via a requirement

in the Armenteros-Podolanski plane [18], by including cuts in the transverse momentum of

the daughters with respect to the K0
S flight direction and in the longitudinal momentum

asymmetry of the daughters. Figure 1 shows the mass spectrum for selected K0
S → π+π−

candidates in the MB sample after applying the set of cuts described above.

In order to further increase the background rejection, a boosted decision tree (BDT) [19]

with the AdaBoost algorithm [20] is used. To avoid possible biases (in particular, as

K0
S candidates in the mass sidebands are also used to get the background predictions)

the sample is split in two subsamples, for which the BDT discriminants are optimised

separately. The BDT trained in the first half-sample is used as a discriminant for the

second half, and vice versa. This guarantees the absence of an overlap between the samples

used for the training and those used in the analysis, while making maximal use of the

available data both for the BDT training and for the background evaluation. The BDT

discriminants are trained on data, using K0
S mass sidebands as a background training

sample and K0
S → π+π− decay as a signal training sample. In addition, these samples are

further split according to the TIS and TOS trigger categories in order to take account of the

bias introduced by the trigger on the variable distributions. Thus, in total, four different

samples are defined (two subsamples for the TIS trigger category and two subsamples for

the TOS category) and are combined as described in Sect. 7. The candidates that are

simultaneously TIS and TOS are analysed only as TIS candidates to avoid counting them

twice. Only one per mille of the TOS candidates overlap with TIS candidates. In order to

minimise the difference in the momentum distributions of the daughters of the candidates

from the TOS, TIS, and MB samples, and hence to ease the normalisation to K0
S → π+π−

4

Ks→ π+π-  
Ks→ π+π- 

µ+µ- hyp. 

•  Yet unobserved FCNC decay, SM prediction: 

•  Ks→ µ+µ- sensitive to light scalars 
•  Previous best limit from 1973 

–  BR(Ks→ µ+µ- ) < 3.2 x 10-7  
PLB44 (1973) 217 

•  LHCb analysis (~1013 Ks / fb-1): 
–  Excellent mass resolution enables  

to separate the Ks→ π+π- misID peak 
–  Discrimination through a BDT  

(geometric and kinematic), trained  
and calibrated on data 

•  Signal proxy: Ks→ π+π-  
•  Background from upper mass sideband 

–  Normalization Ks→ π+π-  

Search for Ks→ µ+µ-: analysis 
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1 Introduction

The decay K0
S → µ+µ− is a Flavour Changing Neutral Current (FCNC) transition that

has not yet been observed. This decay is suppressed in the Standard Model (SM), with an
expected branching fraction [1, 2]

B(K0
S → µ+µ−) = (5.0± 1.5)× 10−12,

while the current experimental upper limit is 3.2× 10−7 at 90% confidence level (C.L.) [3].
Although the dimuon decay of the K0

L meson is known to be
B(K0

L → µ+µ−) = (6.84± 0.11)× 10−9 [4], in agreement with the SM, effects of
new particles can still be observed in K0

S → µ+µ− decays. In the most general case, the
decay width of K0

L,S → µ+µ− can be written as [5]

Γ(K0
L,S → µ+µ−) =

mK

8π

�

1−
�
2mµ

mK

�2
�
|A|2 +

�
1−

�
2mµ

mK

�2
�
|B|2

�
, (1)

where A is an S-wave amplitude and B a P-wave amplitude. These two amplitudes
have opposite CP eigenvalues, and in absence of CP violation (K0

S = K0
1 , K

0
L = K0

2),
K0

L decays would be generated only by A while K0
S decays would be generated only by

B. The decay width Γ(K0
L → µ+µ−) receives long-distance1 contributions to A from

intermediate two-photon states, as well as short distance contributions to the real part
of A. In any model with the same basis of effective FCNC operators as the SM, the
contributions from B can be neglected for B(K0

L → µ+µ−). The decay width ofK0
S → µ+µ−

depends on the imaginary part of the short-distance contributions to A and on the long-
distance contributions to B generated by intermediate two-photon states. Therefore, the
measurement of B(K0

L → µ+µ−) in agreement with the SM does not necessarily imply that
B(K0

S → µ+µ−) has to agree with the SM. Contributions up to one order of magnitude
above the SM expectation are allowed [2]; enhancements of the branching fraction above
10−10 are less likely. The study of K0

S → µ+µ− has been suggested as a possible way to
look for new light scalars [1].

In addition, bounds on the upper limit of B(K0
S → µ+µ−) close to 10−11 could be very

useful to discriminate among scenarios beyond the SM if other modes, such as K+ → π+νν̄,
were to indicate a non-standard enhancement of the s → d��̄ transition.2

The KLOE collaboration has searched for the related decay K0
S → e+e−, which is

affected by a larger helicity suppression than the muonic mode, and set an upper limit on
the branching fraction B(K0

S → e+e−) < 9× 10−9 at 90% confidence level [6].
The LHC produces ∼ 1013 K0

S per fb−1 inside the LHCb acceptance. In this paper,
a search for K0

S → µ+µ− is presented using 1.0 fb−1 of pp collisions at
√
s = 7 TeV

collected by LHCb in 2011. Dimuon candidates are classified in bins of a multivariate

1The long-distance scales correspond to masses below that of the c quark, while short-distance scales
correspond to masses of the c quark and above.

2Charge conjugation is implied throughout this paper.
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Figure 3: Background model fitted to the data separated along (left) TIS and (right) TOS

trigger categories. The vertical lines delimit the search window.

muons; this model has been checked to be appropriate using MC simulation. The second

component is an exponential function describing the combinatorial background. As an

illustration, Fig. 3 shows the distribution of candidates for all BDT bins and for TIS and

TOS samples, respectively.

Other sources of background, such as K0
S → π+µ−ν̄µ, K0

S → µ+µ−γ, K0
L → µ+µ−γ,

K0
L → π+µ−ν̄µ and K0

L → µ+µ− decays, are negligible for the current analysis. The

contamination from K0
L → µ+µ− decays may be relevant for future analyses as it can

produce an effective K0
S → µ+µ− branching fraction up to ∼ 2× 10−11.

5 Normalisation

A normalisation is required to translate the number of K0
S → µ+µ− signal decays into a

branching fraction measurement. Two normalisations are determined independently for

TIS and TOS candidates. The B(K0
S → µ+µ−) is computed using

B(K0
S → µ+µ−)

B(K0
S → π+π−)

=
�ππ
�µµ

NK0
S→µ+µ−

NK0
S→π+π−

, (2)

where, in a given BDT bin, NK0
S→µ+µ− is the observed number of signal decays, NK0

S→π+π−

the number of K0
S → π+π− decays, and �ππ/�µµ the ratio of the corresponding efficiencies.

The efficiencies are factorised as � = �SEL�PID�TRIG/SEL where:

• �SEL is the offline selection efficiency. It includes the geometrical acceptance, recon-

struction and selection, i.e, it is the probability for a K0
S → π+π− (K0

S → µ+µ−)

decay generated in a pp collision, to have been reconstructed and selected;

• �PID is the efficiency of the muon identification for reconstructed and selected

K0
S → µ+µ− signal decays;

7

1fb-1 
arXiv:1209.4029 

Nucl. Phys. B366 (1991) 189, 
JHEP 0401 (2004) 009 

Ks→ π+π- 

46/39 



Search for Ks→ µ+µ-: results 

8. März 2013 Johannes Albrecht 

1fb-1 
arXiv:1209.4029 

6

]-9 10!)[-µ +µ "0
S

B(K
0 5 10 15 20

s
C

L

0

0.2

0.4

0.6

0.8

1

(c)
LHCb

BR(KS→µ+µ–)<9(11)x10-9 @90%(95%) C.L.

It is an improvement of a factor ∼30 respect the previous best limit.

expected CLs bkg-only hypo.
expected CLs 1σ
expected CLs 2σ
observed CLs

NEW

•  Limits from CLs: 
–  expected: BR(Ks→ µ+µ-) < 11 x 10-9 
–  observed: BR(Ks→ µ+µ-) < 11 x 10-9 

 
•  These limits improve the  

existing worlds best limits by  
a factor 35 

•  2011 trigger was not optimized for Ks→ µ+µ- 
à 2012 is, good prospects for this analysis  
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Figure 8: Distribution of (a) the µµ invariant masses with ∆m in the range
142-149 MeV/c2, (b) in the range 144-147 MeV/c2 and (c) in the range 150-
155 MeV/c2. In (d) the distribution of ∆m in the range 1820-1885 MeV/c2 and
in (e) in the range 1780-1810 MeV/c2 of the µµ invariant mass is shown. Su-
perimposed are the projections of the two-dimensional unbinned maximum likeli-
hood fit. The curves represent the full fit function (continuous black line), the
D∗+ → D0(→ π+π−)π+contribution (dashed dark grey line), the combinatorial back-
ground (dashed light grey line), the D∗+ → D0(→ K−π+)π+contribution (dotted line)
and the signal D∗+ → D0(→ µ+µ−)π+contribution (continuous light grey line).

11

•  Only Higgs penguin sensitive to up-type  
quarks 

•  SM is dominated by long distance 
contribution 

•  NP up to 10-9, e.g. RPV SUSY 
•  LHCb analysis:  

–  D* tagged sample of  D*+àD0(àµ+µ-) π+	



–  BDT used to reduce combinatorial bkg  
from b and c decays 

–  Yield from 2D fit to m(D0), Δm(D*+-D0) 
–  Normalization to D0àπ+π- 

•  Upper exclusion limit(preliminary) 
1.3 x 10-8 @ 95% CL 
worlds best by ~one order of magnitude 

8. März 2013 Johannes Albrecht 

0.9fb-1 
LHCb-CONF-2012-005 

ππ	


µµ	



‣D0 → µ+µ– is suppressed in SM because FCNC. 
‣Its BF is dominated by the long distance contribution due !! intermediate state
which set the SM prediction bounds: 
10–13 < B(D0 → μ+μ–) < 6 × 10–11

‣Enhancement in NP models (e.g. BR∼10–9 in RPV-SUSY tree level transition)

‣Current best experimental limit from Belle:
B(D0 → μ+μ–) < 1.4 × 10–7 @90% C.L.

‣LHCb analysis performed 0.9 fb-1 using D*+ tagged sample selecting D*+→D0(→μ+μ–)π+.

‣MVA classifier used to reduce main bkg sources due to combinatorial from b and c hadron 
decays

‣D0 → π+π– used as normalization channel:

[Phys. Rev. D81 239 (2010) 091102]

[LHCB-CONF-2012-005]

[E. Golowich et al., PR D 79, 114030 (2009)] 

[G. Burdman et al., PR D66 (2002)]

14
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Major differences from 2006 analysis 
Reprocessing of full Belle data set (2011) 

Improved detection efficiencies of low pT tracks and neutral particles 

Added 322M more BB data in addition to previous 449M 
New sophisticated hadronic tagging algorithm 

Based on neural net & Bayesian interpretation 
More B / D decay modes included for the tag 

Signal extraction by 2D fit to (EECL, Mmiss
2) 

Improved handling of peaking backgrounds 

 Definition of variables 

!"#$%&'%()*(%
+,-./012%3%4,51#,-./012%6,27$8%7.%
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Datasets 

2012/11/13 M. Palutan, Bsmumu at LHCb

Outline
Today I’ll present the update on B0(s)!μ+μ! search with 1.1 fb-1 of 
2012 data, and the  combined results with 1 fb-1  2011 data

2

the sample was fully available
mid-september

- Introduction

- Analysis strategy

- Signal characterization

- Normalization

- Background estimation

- Results

•  Combined analysis of the following 
datasets:  
–  1.1fb-1 of data at √s=8TeV (2012) 

increased bb-production cross section 
–  1.0fb-1 of data at √s=7TeV (2011) 

•  First analysis of the data recorded  
in 2011 published PRL108(2012)231801  
–  Measurement presented here is similar to this previous analysis  
–  improvements over the previous publication are implemented 

•  Full 2011 data set reanalysed  
à It supersedes the previous publication 

12. November 2012 Johannes Albrecht 51/16 



LHCb analysis I 
•  Selection 

–  Soft selection to reduce size of dataset, similar to control channels 
unchanged to previous analyses 

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

normalizing to B±àJ/ψK± and BàK+π’-	



12. November 2012 Johannes Albrecht 

!(Bs ! µ+µ" ) = (2.52± 0.23)#10"10

!(B0 ! µ+µ" ) = (6.45± 0.30)#10"11

the Monte Carlo distributions that did not match those from data. The trigger efficiency225

is evaluated directly from data with events triggered independently of the normalisation226

channels.227

For the fragmentation fraction fs/fd we use the value determined by LHCb in two228

different ways: using the relative abundance of B0
s → D−

s π+, B0 → D−K+
and B0 →229

D−π+
[8] and using semileptonic B → DX decays [9]. In the previous analysis, we230

used the average of these two LHCb results: fs/fd = 0.267
+0.021
−0.020 [9]. Recently, the231

hadronic measurement has been updated by LHCb [10] and the new combination with the232

semileptonic measurement is233

fs/fd = 0.256± 0.020 , (4)

which is the combination of the updated hadronic measurement with the existing semilep-234

tonic measurement. This update shows also a dependence of fs/fd on the B meson pT235

with a asignificance of three sigma. Since the BDT is correlated with the pT of the B236

meson, we checked the fs/fd variation along all the BDT range. We found a variation of237

0.02 corresponding to 1 sigma of Eq. 4 and so we use this value without further corrections.238

Figure 7 (a) shows the invariant mass distribution of the events passing the B+ →239

J/ψK+
selection and the fit to the signal and background. The signal distribution is240

modeled with a double Gaussian function, while the background is modeled with two241

functions: an exponential for the combinatorial background, and a Gaussian for the242

mis-identified B+ → J/ψπ+
decay. The number of signal events after the selection is:243

N(B+ → J/ψK+
) = 424 200 ± 1 500. We have assigned a systematic error of 0.3% due244

to the differences between the result obtained with the fit and the number of candidates245

obtained after background subtraction.
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Figure 7: Invariant mass distribution of the B+ → J/ψK+ and B0
(s) → h+h− candidates

after the stripping selection.

246

The second normalization channel used in this analysis is B0 → K+π−. To separate247

the B0 → K+π− candidates from the inclusive B0
(s) → h+h− sample, a PID selection is248

applied (using ∆LLK−π). The same rewighting procedure is the applid to the events as in249

11

B±àJ/ψK± 

424200
±1500 

Normalization factors 

BR = BRcal !
!cal
Rec !!cal

Sel !!cal
Trig

!Bs
Rec !!Bs

Sel !!Bs
Trig !

fcal
fBs

!
NB"µµ

Ncal

=" !NB"µµ

fraction bàBs 
(updated, next slide) 

from 
data 

from MC 
data checked 

Slightly lower than in 2011 measurement due to higher L and x-section  
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b fragmentation fd/fs (updated)  

•  LHCb has measured the fraction of bàBs in two ways:  
–  Ratio of BsàDsµX to BàD+µX    [PRD85 (2012) 032008] 

–  Ratio of BsàDsπ+ to BàD+K and B0àD+π+       (newly updated:  
                1fb-1 @ 7 TeV) 

•  Combined result 
        

 
•  Found to be dependent of pT 

–  For the pT values involved: 
effect smaller than 0.02  
à negligible 
 

•  Stability 7 vs 8 TeV checked  
–  B+àJ/ψK+/BsàJ/ψφ  ratio stable	
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Figure 2: A linear fit is performed to fs/fd as a function of pT and η. The errors on the
data points are the statistical and uncorrelated systematic added in quadrature.

corresponding to different polarities of the LHCb dipole magnet, to account for possible173

differences in the particle identification performance, and give consistent results. The174

combined value is175

fs

fd

= (0.261 ± 0.004(stat) ± 0.017(sys)) × 1

NaNF

,

where the first uncertainty is statistical and the second is systematic. The latter includes176

the error on the ratio of lifetimes, τBs
/τB0 = 0.984 ± 0.011 [19], and is dominated by177

the branching ratio of the D mesons, B(D− → K+π−π−) = (9.14 ± 0.20)% [20] and178

B(D−
s → K+K−π−) = (5.50 ± 0.27)% [21]. When using the latest estimate from the ratio179

of form factors, NF = 1.092 ± 0.093, based on recent lattice computations [7], and the180

estimate for the SU(3) breaking of non-factorisable effects, Na = 1.00± 0.02, the following181

ratio of fragmentation ratios is obtained:182

fs

fd

= 0.238 ± 0.004(stat) ± 0.015(sys) ± 0.021(theo).

The theoretical uncertainty is dominated by the form factor ratio. This measurement183

supersedes the previous determination with hadronic decays, and is in agreement with184

the LHCb measurement based on semi-leptonic decays at about one standard deviation,185

fs/fd = 0.268 ± 0.008(stat)+0.022
−0.020(sys) [4]. The various sources of correlated systematic186

uncertainties, notably the D branching fractions and B lifetimes, are taken into account187

in the average,188

fs

fd

= 0.256 ± 0.020,

which is smaller value compared to the previous combined value, with similar uncertainty.189

The value of fs/fd in bins of pT or η is presented in Fig. 2, and indicates a flat190

dependence as a function of η(B), and a slowly decreasing value for larger values of pT(B).191

The value for the bin centers is taken from the average value of pT or η in each bin. A192
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corresponding to different polarities of the LHCb dipole magnet, to account for possible173

differences in the particle identification performance, and give consistent results. The174

combined value is175

fs

fd

= (0.261 ± 0.004(stat) ± 0.017(sys)) × 1

NaNF

,

where the first uncertainty is statistical and the second is systematic. The latter includes176

the error on the ratio of lifetimes, τBs
/τB0 = 0.984 ± 0.011 [19], and is dominated by177

the branching ratio of the D mesons, B(D− → K+π−π−) = (9.14 ± 0.20)% [20] and178

B(D−
s → K+K−π−) = (5.50 ± 0.27)% [21]. When using the latest estimate from the ratio179

of form factors, NF = 1.092 ± 0.093, based on recent lattice computations [7], and the180

estimate for the SU(3) breaking of non-factorisable effects, Na = 1.00± 0.02, the following181

ratio of fragmentation ratios is obtained:182

fs

fd

= 0.238 ± 0.004(stat) ± 0.015(sys) ± 0.021(theo).

The theoretical uncertainty is dominated by the form factor ratio. This measurement183

supersedes the previous determination with hadronic decays, and is in agreement with184

the LHCb measurement based on semi-leptonic decays at about one standard deviation,185

fs/fd = 0.268 ± 0.008(stat)+0.022
−0.020(sys) [4]. The various sources of correlated systematic186

uncertainties, notably the D branching fractions and B lifetimes, are taken into account187

in the average,188

fs

fd

= 0.256 ± 0.020,

which is smaller value compared to the previous combined value, with similar uncertainty.189

The value of fs/fd in bins of pT or η is presented in Fig. 2, and indicates a flat190

dependence as a function of η(B), and a slowly decreasing value for larger values of pT(B).191

The value for the bin centers is taken from the average value of pT or η in each bin. A192
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B fragmentation Vs PT 
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Figure 1: BDT PDF for the signal (black squares) and combinatorial background (blue
open points) (see also Sect. 3.4). Values are normalized to the bin size.

Table 1: BDT PDF estimation for the 2012 dataset for signal and combinatorial background
(see also Sect. 3.4).

BDT range signal [%] comb. background [%]

[0.00, 0.25] 29.2+2.4
−2.4 96.81+0.14

−0.14

[0.25, 0.40] 16.9+1.8
−1.7 2.34+0.12

−0.12

[0.40, 0.50] 9.5+1.0
−0.9 0.54+0.06

−0.06

[0.50, 0.60] 9.1+0.7
−0.6 0.18+0.04

−0.03

[0.60, 0.70] 9.2+0.7
−0.7 0.087+0.028

−0.023

[0.70, 0.80] 9.1+0.9
−0.9 0.014+0.017

−0.009

[0.80, 1.00] 16.8+1.3
−1.2 0.016+0.014

−0.009

3.2 Calibration of likelihoods for signal: invariant mass111

The invariant mass distribution for the signal is described by a Crystal Ball function. The112

central value of the masses is obtained from the invariant mass distribution of B0
(s) → h+h−113

events separated into four different decay channels following the mπ+π− , mKπ, mπK , and114

mKK mass hypotheses. These are shown in Fig. 2 and are used to determine the central115

value of the invariant mass for B0
(s) → µ+µ−.116

Table 2 summarizes the results for the central values. For mB0 we use a weighted117

4

LHCb analysis II 
•  Signal likelihood 

–  BDT for signal classification  
(unchanged to previous analysis) 

•  Signal PDF calibrated with B(s)àh+h’- 

•  Compared to 2011 analysis, BDT shape  
moved to slightly lower values 

–  Invariant mass, resolution: 
•  σ(B0àµµ) = 24.63 ± 0.38stat+syst MeV/c2 

•  σ(Bsàµµ) = 25.04 ± 0.40stat+syst MeV/c2 
à Well comparable to 2011 analysis 

•  Background likelihood: 
–  Main background: combinatorial from bbàµ+µ-X  

à background extrapolated from sideband 
–  Improved description of peaking background  

below signal window (see next slide)  

•  Extraction of the result 
–  Extract observation / exclusion measurement using the CLs method 
–  Determine branching fraction with unbinned ML fit 

12. November 2012 Johannes Albrecht 

Calibrated BDT 
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B
µ+

µ-

B

µ+

µ-

B

Signal discrimination: BDT

12

B candidate:
        - proper time
        - impact parameter 
        - transverse momentum 
        - B isolation

Discrimination is achieved by a BDT with 9 input variables 

muons:
      - min pT 
      - min IP significance!
      - distance of closest approach 
      - muon isolation, 
      - polarization angle

this choice of 
variables
avoids correlation 
with invariant mass

signal: 2 muons from a single well 
reconstructed secondary vertex 

dominant background: two real 
muons from bb " → μ+μ#X bbàµ+µ-X 



Peaking backgrounds 

12. November 2012 Johannes Albrecht 

separately.159

To this purpose, the invariant mass distribution has been fitted in the range 4900 <160

mµµ < 5224 MeV/c2 and 5432 < mµµ < 5966 MeV/c2, assuming a single exponential161

function for the combinatorial background. The lower boundary at 4900 MeV/c2 was chosen162

to exclude background sources other than combinatorial, mainly cascading b→ cµ→ µµX,163

while the intermediate mass values are set at m(B0)-60 MeV/c2 and m(B0
s )+60 MeV/c2

164

respectively.165

In the present version of the analysis many exclusive B decay channels have been166

considered which may pollute the mass sidebands, and thus affecting the combinatorial167

bacgkround estimate. The results of our estimates are shown in Table 3, which summarizes168

the expected yields in the mass range [4900-6000] MeV/c2, and for BDT above 0.8. The169

B0 → π−µ+νµ and B+(0) → π+(0)µ+µ− decays, together with B0
(s) → h+h− misID events,170

represent 85% of the exclusive background yield in this region, and for this reason they171

are included in the combinatorial background interpolation as separate PDFs.172

Table 3: Number of events expected in the 2011 and 2012 data samples for all the dominant
exclusive background sources estimated in the mass range [4900-6000] MeV/c2, for BDT
above 0.8.

2011 2012

B0 → π−µ+νµ 3.51 ± 0.25 4.04 ± 0.28
B0

(s) → h+h− misID 0.91 ± 0.12 1.37 ± 0.11
B+(0) → π+(0)µ+µ− 1.12 ± 0.35 1.32 ± 0.39
Λ0

b → pµ−ν 0.29 ± 0.17 0.50 ± 0.29
B0

s → K−µ+νµ 0.33 ± 0.13 0.46 ± 0.19
B+

c → J/ψµ+ν 0.29 ± 0.33 0.34 ± 0.39

For B0 → π−µ+νµ and B → πµ+µ− decays, the mass and BDT PDF are obtained173

from MC, with corrections applied from data control samples; the absolute normalization174

is instead evaluated relative to the B+ → J/ψK+ decays.175

For B0 → π−µ+νµ, B → πµ+µ−, and B0
(s) → h+h− misID, the normalizations and the176

parameters describing the mass and BDT PDFs are fluctuated in the fit according to their177

total uncertainties. The combinatorial background is parameterized with an exponential178

function the parameters of which are free to vary in the fit.179

The observed yield of events in the dimuon sidebands, union of 4900 < mµµ <180

5224 MeV/c2 and 5432 < mµµ < 5966 MeV/c2 is measured for each BDT for 2012 data.181

Comparing 2012 and 2011 yields, we found the 2012 first bin ∼25% higher than in 2011,182

as expected from the luminosity and cross section increase, while the same does not hold183

for the other bins This claims for a slight shift of the BDT distribution to lower values184

in 2012, which is explained due to the higher multiplicity in 2012 running conditions,185

affecting some of the BDT input variables, as B and muon isolation. Moreover the last186
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Expected events in  
[ 4.9 - 6 ] GeV, BDT > 0.8 

•  Improvement of combinatorial background 
interpolation by inclusion of backgrounds 
from exclusive decays in the fit 
–  Contribution in signal window:  

only B(s)àh+h’-    (identical treatment as 2011) 
–  Mass shape different from exponential 

à bias the background interpolation (new):  
•  B0àπ+µ-ν 
•  B+àπ+µ+µ-, B0àπ0µ+µ- (considered together) 
Both have a negligible contribution in  
the B0 and Bs mass windows 

•  Exclusive background parameters used  
as priors in the fit (allowed to vary within 1σ) 

–  Yield from relative normalization to B+àJ/ψK+ 
–  Mass and BDT shape from full MC 
  

•  Background systematic reduced  
(2011 was comparison exp-double exp) 

S
ignal box 

B0àπ+µ+ν 
 Bàπµ+µ- ���

misID B(s)àh+h’- 

BDT > 0.8, 2012	



Exclusive backgrounds 

B0	


Bs	
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Figure 6: 2011 data after unblinding: fit to the dimuon mass sidebands in 8 bins of BDT.
Dots are data after the unblinding; black line is B0 → π−µ+νµ, cyan is B+(0) → π+(0)µ+µ−,
green is B0

(s) → h+h− misID and blue is total fit. Vertical orange (green) dashed lines

indicate the B0
s → µ+µ− (B0 → µ+µ−) search windows excluded from the background

estimation fit.

are not needed.202

To translate the number of observed events into a branching ratio we use the following203

equation:204

B = Bnorm ×
�norm

�sig
× fnorm

fd(s)
×

NB0
(s)→µ+µ−

Nnorm
= αnorm

B0
(s)→µ+µ− ×NB0

(s)→µ+µ− ,

where αnorm is the normalization factor (or single event sensitivity) and fd(s) and fnorm205

are the probabilities that a b quark fragments into a B0
(s) and into the b-hadron relevant206

in the chosen normalization mode respectively. With Bnorm we indicate the branching207

fraction and with Nnorm the number of signal events in the normalization channel obtained208

from a fit to the invariant mass distribution. The branching ratios of the considered209

normalisation channels are respectively B(B+ → J/ψK+) = (6.01±0.21)×10−5 (where the210

J/ψ → µ+µ− branching fraction is also included) and B(B0 → K+π−) =(1.94±0.06)×10−5,211

respectively [4]. The efficiency �sig(norm) for the signal (normalization channel) is the product212

of the reconstruction efficiency of all the final state particles of the decay including the213

geometric acceptance of the detector (�rec), the selection efficiency for reconstructed events214

(�sel|rec), and the trigger efficiency for reconstructed and selected events (�trg|sel). The215

values of these efficiencies are reported in Table 4 separately for the two normalization216

channels.217
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Observed pattern of events 

12. November 2012 Johannes Albrecht 

2011, 1.0fb-1 @ √s=7TeV 

• Mass sideband fit to 
extrapolate 
background 
–  Combinatorial 

background and 

• Same fit has been 
repeated on 2011 
–  Combinatorial 

component reduced in 
high BDT bins 

–  Impact on published 
results evaluated 

B0àπ+µ+ν 
Bàπµ+µ- ���
B(s)àh+h’-(misID ) 
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Figure 5: 2012 data after unblinding: fit to the dimuon mass sidebands in 7 bins of BDT.
Dots are data after the unblinding; black line is B0 → π−µ+νµ, cyan is B+(0) → π+(0)µ+µ−,
green is B0

(s) → h+h− misID and blue is total fit. Vertical orange (green) dashed lines

indicate the B0
s → µ+µ− (B0 → µ+µ−) search windows excluded from the background

estimation fit.

The fits to the mass spectra of the 7 BDT bins of 2012 data are shown in Fig. 5. From186

this fits we evaluated the BDT PDF for the combinatorial background show in Fig. 1 and187

listed in Table 1. The expected number of combinatorial background events in B0
s and188

B0 mass window are listed in Table 7. Due to the change in the background composition189

with respect to Ref. [1], the combinatorial background estimate has been repeated for 2011190

data sample too, as shown in Fig. 6 and Table 8. This obvioulsy will affect the 2011 data191

published result, as discussed later in Sec. 5.192

4 Normalization193

To estimate the signal branching ratio, we normalize the number of observed signal events194

to the number of events of two complementary channels: B+ → J/ψ(µ+µ−)K+ and195

B0→ K+π−. The first decay has similar trigger and muon identification efficiencies as the196

signal but different number of particles in the final state, while the second channel has a197

similar topology but a different trigger selection.198

The selection of the normalization channels has been designed to be very similar to the199

selection of the signal events, such that the systematic uncertainties cancel in the ratio of200

efficiencies. The knowledge of the absolute integrated luminosity and the bb cross-section201
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2012, 1.1fb-1 @ √s=8TeV 

Highest BDT 
bin: no events 
in sidebands 
àmerge two 
highest bins 
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Figure 9: CLs as a function of the assumed B for B0
s → µ+µ− (upper panel) and

B0 → µ+µ− (lower panel) decays for the combined 2011+2012 dataset. The long dashed
gray curves are the medians of the expected CLs distributions if background and SM signal
were observed. The yellow area cover, for each B, 34% of the expected CLs distribution on
each side of its median. The solid red curves are the observed CLs. For the B0

s → µ+µ−

(upper panel), the long dashed gray curve in the green area is the expected CLs distribution
if background only was observed; the green area cover 34% of the expected CLs distribution
on each side of the median.

The probability that background processes can produce the observed number of328

B0
s→ µ+µ− candidates or more is 5× 10−4 and corresponds to a statistical significance of329

about 3.5 standard deviations.330

From the simultaneous unnbinned likelihood fit on the full mass range to the mass331

projections on the 8 and 7 BDT bins of the 2011 and 2012 datasets, shown in Fig. 10, the332

16

•  Evaluate compatibility with background only and  
signal+background hypotheses (CLs method) 
–  Combined 2011+2012 dataset 

used 
 

–  bkg only p-value:  11%  
 

–  Upper exclusion limit 
BR(B0→ µ+µ-) < 9.4 x 10-10  
@95% CL 
world best single experiment 

  

Results for B0→ µ+µ-	
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expected  
SM+bkg 

observed 

B0→ µ+µ- expected 
(bkg) 

expected 
(SM+bkg) 

observed 1-CLb 

2012 9.6 x 10-10 10.5 x 10-10 12.5 x 10-10 0.16 
2011+2012 6.0 x 10-10 7.1 x 10-10 9.4 x 10-10 0.11 
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s → µ+µ− (upper panel) and

B0 → µ+µ− (lower panel) decays for the combined 2011+2012 dataset. The long dashed
gray curves are the medians of the expected CLs distributions if background and SM signal
were observed. The yellow area cover, for each B, 34% of the expected CLs distribution on
each side of its median. The solid red curves are the observed CLs. For the B0

s → µ+µ−

(upper panel), the long dashed gray curve in the green area is the expected CLs distribution
if background only was observed; the green area cover 34% of the expected CLs distribution
on each side of the median.

The probability that background processes can produce the observed number of328

B0
s→ µ+µ− candidates or more is 5× 10−4 and corresponds to a statistical significance of329

about 3.5 standard deviations.330

From the simultaneous unnbinned likelihood fit on the full mass range to the mass331

projections on the 8 and 7 BDT bins of the 2011 and 2012 datasets, shown in Fig. 10, the332

16

expected 
bkg 

expected  
SM+bkg 

observed 

Results for Bs→ µ+µ-: Limits and significance	



•  Evaluate compatibility with background only and  
background+signal hypotheses (CLs method) 

–  2011+2012: 
bkg only p-value:   
5 x 10-4  
(corresponds to 3.5σ) 

–  2012 alone 

bkg only p-value:   
9 x 10-4  
(corresponds to 3.3 σ) 

 

•  Double sided limit (@95% CL) 

•  This is the first evidence of the decay Bs→ µ+µ- !  
12. November 2012 Johannes Albrecht 

1.1!10"9 < BR(Bs # µ+µ" )< 6.4!10"9

58/16 



Results for Bs→ µ+µ-: BR fit 

•  Simultaneous unbinned 
likelihood fit to 15 BDT 
bins of 2011 + 2012 

–  Combinatorial bkg, Bs 
and B0 yield fully free 

–  Exclusive backgrounds 
inserted as Gaussian 
constraints 

•  Fit result: 

•  Systematic Uncertainties 
–  Change bkg model 
–  Fix all Gaussian 

constraints 

12. November 2012 Johannes Albrecht 
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Figure 10: Simultaneous fit of the invariant mass distribution in the 8 BDT bins of
2011 (top) and 7 BDT bins of 2012 (bottom) data; black line is B0 → π−µ+νµ, cyan is
B+(0) → π+(0)µ+µ−, green dashed is B0

(s) → h+h− misID, red is B0
s → µ+µ− and, purple

is B0 → µ+µ−. The fit result is superimposed in blue.
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•  Combined analysis on 1.0fb-1 @ √s=7TeV 
and 1.1fb-1 @ √s=8TeV 

•  Upper exclusion limit @ 95% CL 
BR(B0→ µ+µ-) < 9.4 x 10-10  
worlds best single experiment limit 

•  Excess of Bs→ µ+µ- candidates with a  
signal significance of to 3.5 standard 
deviations  
(bkg only p-value: 5 x 10-4  ) 

•  The branching fraction is measured as  

BR(Bs ! µ+µ" ) = (3.2"1.2
+1.5 )#10"9
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