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Introduction
LHCb searches for NP in FCNC with B (and D) decays, new 
particles can enter in the loops and modify the SM prediction on 
some observables!
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Some FCNC processes have precise SM prediction 

Branching fractions and angular dependence

Luck of NP

constrains models beyond SM, set higher energy scale for NP

In a model independent interpretation, constrains Wilson coefficients

 

SM contributions:
75%

24%

2HDM:

SM



Rare Decays Analysis

Very rare decays

B(s)→µµ [3fb-1/arXiv:1307.5024]

D→µµ [0.9fb-1/arXiv:1305.5050] 

Ks→µµ [1fb-1/arXiv:1209.4029]

B→4µ [1fb-1/arXiv:1303.1092]

B+→π+µµ [1fb-1/arXiv:1210.2645]

Angular an isospin analysis

B →K*µµ [1fb-1/arXiv:1308.1707] [1fb-1/
arXiv:1304.6325]

Λb→Λµµ [1fb-1/arXiv:1306.2577]

Bs→𝜙µµ [1fb-1/arXiv:1305.2168]

B→K(*)µµ [1fb-1/arXiv:1205.3422]

ψ(4160) [3fb-1/arXiv:1307.7595]
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CP Asymmetries

B→K*µµ [1fb-1/arXiv:1210.4492]

B+→K+µµ [1fb-1/arXiv:1308.1340]

No SM processes

B+→Xµ-µ-  [0.41fb-1/arXiv:1201.5600]

B(s) →µe [1fb-1/arXiv:1307.4889]

τ→3µ, τ→pµµ [1fb-1/arXiv:1304.4518]

Radiative decays

B→K*γ,Bs→𝜙γ [1fb-1/arXiv:1202.6267]



LHCb detector

LHCb detector

single-arm spectrometer (2<η<5)

B, Bs, B+,D,Λb, ... produced at LHCb

trigger on muons, electrons, hadrons with “low” PT

efficiency on dimuon channels ~90%

precise vertex (IP ~20 µm at high PT)

excellent momentum resolution Δp/p ≃ 0.5 %

good particle ID (>97% µ-eff, 1-3% mis-ID) 
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LHCb operation

“beautifully” 

operating @ 2 nominal luminosity

Integrated luminosity 3 fb-1 

(2 fb-1 8 TeV, 1 fb-1 7 TeV)  



Angular analysis B→K*µµ 
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In the SM, the γ/Z penguin introduces a forward/
backward asymmetry (AFB) of the muons

 SM prediction of the zero-crossing point of AFB

SM q20 = (4.-4.3) GeV2/c2

This Asymmetry and other observables (FL,S3) can 
be altered by the presence of NP

W. Coefficients involved: C7,C9,C10 

LHCb measurement clarified the situation after 
BaBar, Belle, CDF results!

Intriguing hints from B!K(*)l+l-  

Forward backward asymmetry in 

B0!K*l+l- is a extremely powerful 

observable for testing SM vs NP 

•  Interference of axial & vector currents ! direct access to 

  relative phases of the  Wilson coefficients. 

•  Uncertainties of hadronic  form factors under control in the low-q2  region. 

48 

See: F. Kruger, J. Matias PR D71(2005);
J.Matias et al, JHEP, 1204:104,2012

Good agreement with SM!

[1fb-1/arXiv:1304.6325]

Rare semileptonic decays 

 b  →sl+l- FCNC processes represent a very rich environment: angular 
observables, rates, asymmetries sensitive to NP 
 
 
 
 
 
 
 
 
 
 
 

 A lot of different channels can be studied:  
Bd→K*0+- , Bd→K*0e+e- , B+→K++- , Bs→ϕ+- , Λb →  Λ +-,  … 
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fitting eq. 7.4 directly for A
S

and F
S

as uncorrelated variables. For the B0 ! K⇤0J/ 

control mode, the gain in statistical precision is approximately a factor of three.

Due to the limited number of signal candidates that are available in each of the q2

bins, the bins are merged in order to estimate the S-wave fraction. In the range 0.1 <

q2 < 19GeV2/c4, F
S

= 0.03 ± 0.03, which corresponds to an upper limit of F
S

< 0.04 at

68% confidence level (CL). The procedure has also been performed in the region 1 < q2 <

6GeV2/c4, where both F
L

and F
S

are expected to be enhanced. This gives F
S

= 0.04±0.04

and an upper limit of F
S

< 0.07 at 68% CL. In order to be conservative, F
S

= 0.07 is used

to estimate a systematic uncertainty on the di↵erential branching fraction and angular

analyses. The B0! K⇤0J/ data has been used to validate the method.

For the di↵erential branching fraction analysis, F
S

scales the observed branching frac-

tion by up to 7%. For the angular analysis, F
S

dilutes A
FB

, S
3

and A
9

. The impact on

F
L

however, is less easy to disentangle. To assess the possible size of a systematic bias,

pseudo-experiments have been carried out generating with, and fitting without, the S-wave

contribution in the likelihood fit. The typical bias on the angular observables due to the

S-wave is 0.01� 0.03.

8 Forward-backward asymmetry zero-crossing point

In the SM, A
FB

changes sign at a well defined value of q2, q2
0

, whose prediction is largely

free from form-factor uncertainties [3]. It is non-trivial to estimate q2
0

from the angular fits

to the data in the di↵erent q2 bins, due to the large size of the bins involved. Instead, A
FB

can be estimated by counting the number of forward-going (cos ✓` > 0) and backward-going

(cos ✓` < 0) candidates and q2
0

determined from the resulting distribution of A
FB

(q2).

The q2 distribution of the forward- and backward-going candidates, in the range 1.0 <

q2 < 7.8GeV2/c4, is shown in figure 6. To make a precise measurement of the zero-crossing

point a polynomial fit, P (q2), is made to the q2 distributions of these candidates. The

K+⇡�µ+µ� invariant mass is included in the fit to separate signal from background. If

P
F

(q2) describes the q2 dependence of the forward-going, and P
B

(q2) the backward-going

signal decays, then

A
FB

(q2) =
P
F

(q2)� P
B

(q2)

P
F

(q2) + P
B

(q2)
. (8.1)

The zero-crossing point of A
FB

is found by solving for the value of q2 at which A
FB

(q2)

is zero.

Using third-order polynomials to describe both the q2 dependence of the signal and

the background, the zero-crossing point is found to be

q2
0

= 4.9± 0.9GeV2/c4 .

The uncertainty on q2
0

is determined using a bootstrapping technique [45]. The zero-

crossing point is largely independent of the polynomial order and the q2 range that is

used. This value is consistent with SM predictions, which are typically in the range 3.9�
4.4GeV2/c4 [46–48] and have relative uncertainties below the 10% level, for example, q2

0

=

4.36+0.33
�0.31GeV2/c4 [47].

– 19 –
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Bd!K*(!K+π )�� 
This decay is descibed by three angles (�l,�K, ϕ) and the dimuon invariant mass squared (q2) 

This decay is sensitive to the effective operators 
O7, O9 , O10  
and their right-handed counter parts   

Angular Observables, where the hadronic 
uncertainty are under control and sensitive to 
New Physics can be built. 

2012.05.21            ����  
 

The decay is described by 3 angles (θl,θK,φ) and the q2 dimuon mass squared

Reduced expression of the angular distribution after φ folding:Bd!K*��: LHCb 

With the following folding !!!+"  if ! < 0 , the terms in cos!  e sin!  (I4, I5  , I7  and I8) cancel out, 
while the terms with cos2!  e sin2!  survive. 

The 3D fit in the angles (in bins of q2 ) allow to access:
- FL  , i.e. the longitudinal polarization of the K*  
- The AFB  of the leptonic system 
- A IM  asymmetry

- S3 =
1
2

(1"FL )AT
2, the transverse asymmetry 

2012.05.21            ����  
 

~900 candidates

3D fit in the angles (in bis q2)

FL, the longitudinal polarization of K*

AFB, the forward/backwark dimuon asymmetry

Analysis:
BDT to suppress combinatorial bkg

Veto dimuon resonances J/ψ, ψ(2S)

Remove peaking background due to swap 
or misid, B→J/ψK*, Bs→𝜙(KK)µµ

Acceptance function from simulation but 
cross-checked with B→J/ψK*

[1fb-1/arXiv:1304.6325]
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AFB 
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LHCb CDF BELLE BaBarLHCb Collaboration:  LHCb-CONF-2012-008 

BaBar: S.Akar Lake Louise (2012) 
Belle: Phys.Rev.Lett. 103, 171801 (2009) 
CDF :Phys. Rev. Lett. 108, 081807 (2012 

Theory prediction from  
C. Bobeth, G. Hiller, D. van Dyk, JHEP 07, 067 (2011) 

AFB = 0.24!0.23
+0.18 ± 0.05   (0.1< q2 < 6.25GeV 2 )  BaBar

AFB = 0.26!0.30
+0.27 ± 0.07   (1< q2 < 6GeV 2 )  Belle

AFB = 0.29!0.23
+0.20 ± 0.07   (1< q2 < 6GeV 2 )  CDF

SM  : AFB = !0.04± 0.03      (1< q2 < 6GeV 2 ) AFB = !0.18!0.06!0.02
+0.06+0.01       (1< q2 < 6GeV 2 ) LHCb

In the past interpreted as a possible sign of 
flipped C7 wrt SM 

LHCb has the most precise measurement  
to date, consistent with SM prediction  

2012.05.21            ����  
 

In agreement with SM!

[1fb-1/arXiv:1304.6325]
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Angular analysis B→K*µµ

Angular analysis with new observables:

Si are functions of Wilson coefficients and form-factors

P’i observables reduce hadron form-factors uncertainties, are complementary!

using SM predictions [Descontes-Genon et al. JHEP 05 (2013) 137]
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28 of 31

B0 ! K⇤0µ+µ� angular distribution

New Physics particles can modify the angular distribtution of decay products
� Described by three angles, (✓`, ✓K ,�)

Di↵erential angilar distribution can be written:

1
d�/dq2

d4�
d cos ✓K d� dq2 = 9

32⇡

h
3
4 (1� FL) sin

2
✓K + FL cos

2
✓K � FL cos

2
✓K cos 2✓`

+ 1
4 (1� FL) sin

2
✓K cos 2✓` + S3 sin

2
✓K sin2 ✓` cos 2�

+ S4 sin 2✓K sin 2✓` cos�+ S5 sin 2✓K sin ✓` cos�+ S6 sin
2
✓K cos ✓`

+ S7 sin 2✓K sin ✓` sin�+ S8 sin 2✓K sin 2✓` sin�+ S9 sin
2
✓K sin2 ✓` sin 2�

i

�
Si are functions of Wilson coe�cients

�
FL and Si can be written in a form with reduced uncertainties

P

0
i=4,5,6,8 =

Sj=4,5,7,8p
FL(1� FL)

S. Hall (ICL) Rare decays at LHCb

ICNFP 2013 B ! K⇤µµ
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i

�
Si are functions of Wilson coe�cients

�
FL and Si can be written in a form with reduced uncertainties

P

0
i=4,5,6,8 =

Sj=4,5,7,8p
FL(1� FL)

S. Hall (ICL) Rare decays at LHCb

ICNFP 2013 B ! K⇤µµ

Analysis:
BDT to suppress combinatorial bkg

Veto in dimuon resonances J/ψ, ψ(2S)

Veto peaking background due to swap or mis-id: 
B→J/ψK*, Bs→𝜙(KK)µµ

Acceptance function from simulation, but cross-
checked with B→J/ψK*

mass from control channel and bkg 
distributions from upper side bands

Fit to the mass and angular distributions 
after unfolding 𝜙

main systematic: background distributions, 
acceptance function and S-wave 
contributions

Bd!K*(!K+π )�� 
This decay is descibed by three angles (�l,�K, ϕ) and the dimuon invariant mass squared (q2) 

This decay is sensitive to the effective operators 
O7, O9 , O10  
and their right-handed counter parts   

Angular Observables, where the hadronic 
uncertainty are under control and sensitive to 
New Physics can be built. 

2012.05.21            ����  
 

[1fb-1/arXiv:1308.1707]

[arXiv:1207.2753]
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ICNFP 2013 B ! K⇤µµ

new angular analysis B→K*µµ
[1fb-1/arXiv:1308.1707]

In agreement with SM!
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all bins (24) in q2  agreement with SM 

except 1 (at 3.7 σ)!

if all bins independent, the probability of have such deviation or greater is 0.5%

it will imply a smaller value of C9,C7 with respect SM

further theoretical and more data studies are needed to clarify the picture

new angular analysis B→K*µµ
[1fb-1/arXiv:1308.1340]

[arXiv:1308.101, arXiv:1307.5683]
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Isospin asymmetry: 

SM prediction is close to zero

Measured by BaBar, Belle and CDF. Babar measurement of B with 
some tension (3.9σ)!

See: T.Feldmann and J.Matias, 
JHEP, 01 (2002) 074

1 Introduction

The flavour-changing neutral current decays B! K(⇤)µ+µ� are forbidden at tree level in
the Standard Model (SM). Such transitions must proceed via loop or box diagrams and
are powerful probes of physics beyond the SM. Predictions for the branching fractions
of these decays su↵er from relatively large uncertainties due to form factor estimates.
Theoretically clean observables can be constructed from ratios or asymmetries where the
leading form factor uncertainties cancel. The CP averaged isospin asymmetry (A

I

) is such
an observable. It is defined as

A
I

=
�(B0! K(⇤)0µ+µ�)� �(B+! K(⇤)+µ+µ�)

�(B0! K(⇤)0µ+µ�) + �(B+! K(⇤)+µ+µ�)

=
B(B0! K(⇤)0µ+µ�)� ⌧0

⌧+
B(B+! K(⇤)+µ+µ�)

B(B0! K(⇤)0µ+µ�) + ⌧0
⌧+
B(B+! K(⇤)+µ+µ�)

,

(1)

where �(B ! f) and B(B ! f) are the partial width and branching fraction of the B ! f
decay and ⌧

0

/⌧
+

is the ratio of the lifetimes of the B0 and B+ mesons.1 For B! K⇤µ+µ�,
the SM prediction for A

I

is around �1% in the di-muon mass squared (q2) region below
the J/ resonance, apart from the very low q2 region where it rises to O(10%) as q2

approaches zero [1]. There is no precise prediction for A
I

in the B! Kµ+µ� case, but it
is also expected to be close to zero. The small isospin asymmetry predicted in the SM is
due to initial state radiation of the spectator quark, which is di↵erent between the neutral
and charged decays. Previously, A

I

has been measured to be significantly below zero in
the q2 region below the J/ resonance [2, 3]. In particular, the combined B! Kµ+µ� and
B! K⇤µ+µ� isospin asymmetries measured by the BaBar experiment were 3.9 � below
zero. For B! K⇤µ+µ�, A

I

is expected to be consistent with the B ! K⇤0� measurement
of 5± 3% [4] as q2 approaches zero. No such constraint is present for B! Kµ+µ�.

The isospin asymmetries are determined by measuring the di↵erential branch-
ing fractions of B+! K+µ+µ�, B0! K0

Sµ
+µ�, B0! (K⇤0 ! K+⇡�)µ+µ� and

B+! (K⇤+ ! K0

S⇡
+)µ+µ�; the decays involving a K0

L or ⇡0 are not considered. The
K0

S meson is reconstructed via the K0

S ! ⇡+⇡� decay mode. The signal selections are
optimised to provide the lowest overall uncertainty on the isospin asymmetries; this leads
to a very tight selection for the B+! K+µ+µ� and B0! (K⇤0 ! K+⇡�)µ+µ� chan-
nels where signal yield is sacrificed to achieve overall uniformity with the B0! K0

Sµ
+µ�

and B+! (K⇤+ ! K0

S⇡
+)µ+µ� channels, respectively. In order to convert a signal yield

into a branching fraction, the four signal channels are normalised to the correspond-
ing B ! J/ K(⇤) channels. The relative normalisation in each q2 bin is performed by
calculating the relative e�ciency between the signal and normalisation channels using
simulated events. The normalisation of B0! K0µ+µ� assumes that B(B0! K0µ+µ�) =
2B(B0 ! K0

Sµ
+µ�). Finally, A

I

is determined by simultaneously fitting the K(⇤)µ+µ�

mass distributions for all signal channels. Confidence intervals are estimated for A
I

from

1Charge conjugation is implied throughout this paper.

1

SM B predictions suffer from hadron form factors uncertainties

Measured Differential B:

B+→K*+(Ksπ+)µµ, B→K*µµ, 

B→Kµµ, B+→K+µµ 

Use as normalization channel B→J/ψ(µµ)K*; B+→J/ψ(µµ)K+

1 Introduction

The Isospin Asymmetry of B ! K(⇤)µ+µ� (B ! Kµ+µ� and B ! K⇤µ+µ�), AI is
defined as:

AI =
�(B0! K(⇤)0µ+µ�)� �(B+! K(⇤)+µ+µ�)

�(B0! K(⇤)0µ+µ�) + �(B+! K(⇤)+µ+µ�)
, (1)

Where �(X) is the partial width of a particular decay. In terms of branching fractions
AI is:

AI =
B(B0! K(⇤)0µ+µ�)� ⌧0

⌧+
B(B+! K(⇤)+µ+µ�)

B(B0! K(⇤)0µ+µ�) + ⌧0
⌧+
B(B+! K(⇤)+µ+µ�)

, (2)

where B is the branching fraction of the decay and ⌧0
⌧+

is the ratio of the lifetimes of

the B0 and B+ mesons. For the dominant Feynman diagrams, the di↵erence between the
charged and neutral decays is simply a di↵erent spectator quark.

(a) (b)

Figure 1: Two feynman diagrams which contribute to the the decay amplitude of B !
K(⇤)µ+µ� decays. Left is one of the dominant diagrams, of which the isospin asymmetry
is insensitive to. The right diagram shows a diagram which is sensitive to new physics
through AI .

It is not clear from Fig. 1(a) that there should be any significant di↵erence in physics
between the charged and neutral diagrams, and indeed the amount of isospin asymmetry
in the SM is predicted to be very close to zero [1]. A diagram that does contribute to
AI is Fig. 1(b) where the spectator quark radiates a virtual photon instead of the W
boson. These processes are dependant on the Wilson’s coe�cients, O1�6, O8 and the sign
of O7. Although AI is not as significantly altered by new physics as the forward backward
asymmetry, AI is still sensitive to new physics.

BaBar and Belle have measured AI for the decays outlined above. They measured
AI in electron final states as well as muon final states. At q2 below the J/ mass, most
results lie below zero which is not predicted by the SM. The most significant results are

1

[1fb-1/arXiv:1205.3422]
[JHEP 07 (2012) 133]
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Figure 4: Di↵erential branching fractions of (left) B0! K0µ+µ� and (right)
B+! K⇤+µ+µ�. The theoretical SM predictions are taken from Refs. [22, 23].
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Figure 5: Isospin asymmetry of (left) B! Kµ+µ� and (right) B! K⇤µ+µ�. For
B! K⇤µ+µ� the theoretical SM prediction, which is very close to zero, is shown for
q2 below 8.68GeV/c2, from Ref. [24].

two cases. The confidence intervals are also determined by scanning the profile likelihood.
The significance of the deviation from the null hypothesis is obtained by fixing A

I

to be
zero and computing the di↵erence in the negative log-likelihood from the nominal fit.

In summary, the isospin asymmetries of B ! K(⇤)µ+µ� decays and the branching
fractions of B0 ! K0µ+µ� and B+ ! K⇤+µ+µ� are measured, using 1.0 fb�1 of data
taken with the LHCb detector. In the two q2 bins below 4.3GeV/c2 and in the highest bin
above 16GeV/c2 the isospin asymmetry is negative in the B! Kµ+µ� channel. These
q2 regions are furthest from the charmonium regions and are therefore cleanly predicted
theoretically. This asymmetry is dominated by a deficit in the observed B0 ! K0µ+µ�

signal. Ignoring the small correlation of errors between each q2 bin, the significance of
the deviation from zero integrated across q2 is calculated to be 4.4 �. The B! K⇤µ+µ�
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Differential B 

Isospin Asimmetry

In agreement with SM and with 
previous measurements!

Deviation from 0 at 4.4 σ!
Tension!
but difficult to interpret!

[1fb-1/arXiv:1205.3422]



A new resonance in B+→K+µµ

A resonance structure at high q2

Consistent with ψ(4160) measured by BES

Contribute to 20% of the total signal at high q2

much larger than theoretical estimations

13

[3fb-1/arXiv:1307.7595]
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Table 1: Parameters of the dominant resonance for
fits where the mass and width are unconstrained
and constrained to those of the  (4160) meson [4],
respectively. The branching fractions are for the
B+ decay followed by the decay of the resonance
to muons.

Unconstrained  (4160)

B[⇥10�9] 3.9 +0.7
�0.6 3.5 +0.9

�0.8

Mass [MeV/c2] 4191 +9
�8 4190± 5

Width [MeV/c2] 65 +22
�16 66± 12

Phase [rad] �1.7± 0.3 �1.8± 0.3

compared to the best fit and assuming a flat
prior for any positive branching fraction.
In Fig. 3 the likelihood scan of the fit with a

single extra resonance is shown as a function of
the mass and width of the resonance. The fit is
compatible with the  (4160) resonance, while
a hypothesis where the resonance corresponds
to the decay Y (4260)! µ+µ� is disfavoured
by more than four standard deviations.
Systematic uncertainties associated with the

normalisation procedure are negligible as the
decay B+! J/ K+ has the same final state as
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Figure 2: Profile likelihood ratios for the product
of branching fractions B(B+ !  K+) ⇥ B( !
µ+µ�) of the  (4040) and the  (4160) mesons. At
each point all other fit parameters are reoptimised.

]2cMass [MeV/
4180 4200 4220 4240 4260

]2 c
W

id
th

 [M
eV

/

60

80

100

/L
)

be
st

2l
og

(L

5

10

15

20

25

30

LHCb

LHCb best fit (4160)ψ Y(4260)

Figure 3: Profile likelihood as a function of mass
and width of a fit with a single extra resonance.
At each point all other fit parameters are reopti-
mised. The three ellipses are (red-solid) the best fit
and previous measurements of (grey-dashed) the
 (4160) [4] and (black-dotted) the Y (4260) [21]
states.

the signal and similar kinematics. Uncertain-
ties due to the resolution and mass scale are in-
significant. The systematic uncertainty associ-
ated to the form factor parameterisation in the
fit model is taken from Ref. [20]. Finally, the
uncertainty on the vector fraction of the non-
resonant amplitude is obtained using the EOS
tool described in Ref. [20] and is dominated by
the uncertainty from short distance contribu-
tions. All systematic uncertainties are included
in the fit as Gaussian constraints. From com-
paring the di↵erence in the uncertainties on
masses, widths and branching fractions for fits
with and without these systematic constraints,
it can be seen that the systematic uncertain-
ties are about 20% the size of the statistical
uncertainties and thus contribute less than 2%
to the total uncertainty.
In summary, a resonance has been observed

in the dimuon spectrum of B+! K+µ+µ� de-
cays with a significance of above six standard
deviations. The resonance can be explained by
the contribution of the  (4160), via the decays

5

6 σ significance!

[PRL 111 (2013) 112003]



Update of B(s)→µµ with 3fb-1

SM prediction (FCNC, helicity suppressed) 

SM B(Bs→µµ) = (3.56±0.30) 10-9 

SM B(B→µµ) = (1.07±0.10) 10-10

Branching Ratio very sensitive to NP

14
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• In generic 2HDM-II (where different Higgs fields contribute to u(d)-quarks), the BR is 

proportional to  tan4!, (the ratio of Higgses vacuum expectations values):

• In the MSSM (with R-parity), diagrams including charginos has a higher dependence 

with tan! than the 2HDM, and the BR is proportional to tan6!:

Thursday, August 26, 2010 12Frederic Teubert

Rare decays: Bs ! ""

with "q = mq/mb << 1 and m"/mB << 1. Hence if CS,P are of 

the same order of magnitude than CA they dominate by far.

! This decay is very sensitive to New Physics with new scalar and/or pseudoscalar
interactions.  

! Highly interesting to probe models with extended Higgs sector!

     arXiv:1208.0934
     arXiv:1303.3820

Analysis:

BTD to suppress combinatorial bkg (bb→Xµµ)

Use PID to reduce peaking background and study of specific peaking backgrounds

Discrimination in 2D space:

BDT (kinematical & geometrical variables) & mass

Normalize to B+→J/ψK+

Use CLs method to set a limit and a unbinned maximum likelihood fit to obtain B

[3fb-1/arXiv:1307.5024]
[PRL 08 (2013) 117]
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A multivariate discriminant BDT:
kinematical and geometrical variables 
signal uniformly distributed [0,1]
trained with MC
estimated with data:

signal B→hh trigger unbias
background: Bs→µµ sidebands

Mass:
signal: CB shape

central values B→hh fit
resolution: interpolation between 
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BDT
0 0.2 0.4 0.6 0.8 1

P
D

F

-410

-310

-210

-110

1

Signal

Background

LHCb

)
2

c
C

an
d
id

at
es

 /
 (

1
0
 M

eV
/

0

5

10

15
610!

LHCb

0

100

200

300

400

500
310!

LHCb

]2
c [MeV/"µ+µ

m

3050 3100 3150

-2
0
2

]2
c [MeV/"µ+µ

m

3600 3650 3700 3750

-2
0
2

σ(Bs) = 23.2±0.4 MeV/c2

σ(B)  = 22.8±0.4 MeV/c2
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Figure 2: Invariant mass distribution of the selected
B0

(s) ! µ+µ� candidates (black dots) with BDT > 0.7.
The result of the fit is overlaid (blue solid line) and the
di↵erent components detailed: B0

s

! µ+µ� (red long
dashed), B0 ! µ+µ� (green medium dashed), combinato-
rial background (blue medium dashed), B0

(s) ! h+h0� (ma-

genta dotted), B0(+) ! ⇡0(+)µ+µ� (light blue dot-dashed),
B0 ! ⇡�µ+⌫

µ

and B0
s

! K�µ+⌫
µ

(black dot-dashed).

results in

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 .

The statistical uncertainty is derived by repeating
the fit after fixing all the fit parameters, except the
B0

s ! µ+µ� and B0 ! µ+µ� branching fractions
and the slope and normalisation of the combinatorial
background, to their expected values. The systematic
uncertainty is obtained by subtracting in quadrature
the statistical uncertainty from the total uncertainty
obtained from the likelihood with all nuisance param-
eters allowed to vary according to their uncertainties.
Additional systematic uncertainties reflect the impact
on the result of changes in the parametrisation of the
background by including the ⇤0

b ! pµ�⌫̄µ component
and by varying the mass shapes of backgrounds from
b-hadron decays, and are added in quadrature. The val-
ues of the B0

(s) ! µ+µ� branching fractions obtained
from the fit are in agreement with the SM expectations.
The invariant mass distribution of the B0

(s) ! µ+µ�

candidates with BDT > 0.7 is shown in Fig. 2.
As no significant excess of B0 ! µ+µ� events

is found, a modified frequentist approach, the CL
s

method [38] is used, to set an upper limit on the
branching fraction. The method provides CL

s+b

, a

measure of the compatibility of the observed distribu-
tion with the signal plus background hypothesis, CL

b

,
a measure of the compatibility with the background-
only hypothesis, and CL

s

= CL
s+b

/CL
b

. A search
region is defined around the B0 invariant mass as
mB0 ± 60MeV/c2. For each BDT bin the invariant
mass signal region is divided into nine bins with bound-
aries mB0 ± 18, 30, 36, 48, 60MeV/c2, leading to a total
of 72 search bins.
An exponential function is fitted, in each BDT bin,

to the invariant mass sidebands. Even though they
do not contribute to the signal search window, the
b-hadron backgrounds are added as components in the
fit to account for their e↵ect on the combinatorial back-
ground estimate. The uncertainty on the expected
number of combinatorial background events per bin
is determined by applying a Poissonian fluctuation to
the number of events observed in the sidebands and by
varying the exponential slopes according to their uncer-
tainties. In each bin, the expectations for B0

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

(s) ! h+h0� background are accounted for. For each
branching fraction hypothesis, the expected number
of signal events is estimated from the normalisation
factor. Signal events are distributed in bins according
to the invariant mass and BDT calibrations.
In each bin, the expected numbers of signal and

background events are computed and compared to
the number of observed candidates using CL

s

. The
expected and observed upper limits for the B0 ! µ+µ�

channel are summarised in Table 2 and the expected
and observed CL

s

values as functions of the branching
fraction are shown in Fig. 3.

In summary, a search for the rare decays B0

s ! µ+µ�

and B0 ! µ+µ� is performed with pp collision data
corresponding to integrated luminosities of 1 fb�1 and
2 fb�1 collected at

p
s = 7TeV and 8TeV, respec-

tively. The B0 decay yield is not significant and an
improved upper limit of B(B0 ! µ+µ�) < 7.4⇥ 10�10

at 95% CL is obtained. The B0

s ! µ+µ� signal is

Table 2: Expected limits for the background only (bkg)
and background plus SM signal (bkg+SM) hypotheses, and
observed limits on the B0 ! µ+µ� branching fraction.

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10

4

]
10!

) [10!µ +µ " 0
BB(

1 2 3 4 5 6 7 8 9 10

s
C

L

-210

-110

1

1!
3fb

LHCb

B(B(s))  measurements

]2
c [MeV/!

µ+µ
m

5000 5500

)
2

c
C

an
d

id
at

es
 /

 (
4

4
 M

eV
/

0

2

4

6

8

10

12

14

16

LHCb

BDT>0.7
-13 fb

Figure 2: Invariant mass distribution of the selected
B0
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The result of the fit is overlaid (blue solid line) and the
di↵erent components detailed: B0

s

! µ+µ� (red long
dashed), B0 ! µ+µ� (green medium dashed), combinato-
rial background (blue medium dashed), B0

(s) ! h+h0� (ma-

genta dotted), B0(+) ! ⇡0(+)µ+µ� (light blue dot-dashed),
B0 ! ⇡�µ+⌫

µ

and B0
s
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µ

(black dot-dashed).

results in

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 .

The statistical uncertainty is derived by repeating
the fit after fixing all the fit parameters, except the
B0

s ! µ+µ� and B0 ! µ+µ� branching fractions
and the slope and normalisation of the combinatorial
background, to their expected values. The systematic
uncertainty is obtained by subtracting in quadrature
the statistical uncertainty from the total uncertainty
obtained from the likelihood with all nuisance param-
eters allowed to vary according to their uncertainties.
Additional systematic uncertainties reflect the impact
on the result of changes in the parametrisation of the
background by including the ⇤0

b ! pµ�⌫̄µ component
and by varying the mass shapes of backgrounds from
b-hadron decays, and are added in quadrature. The val-
ues of the B0

(s) ! µ+µ� branching fractions obtained
from the fit are in agreement with the SM expectations.
The invariant mass distribution of the B0

(s) ! µ+µ�

candidates with BDT > 0.7 is shown in Fig. 2.
As no significant excess of B0 ! µ+µ� events

is found, a modified frequentist approach, the CL
s

method [38] is used, to set an upper limit on the
branching fraction. The method provides CL

s+b

, a

measure of the compatibility of the observed distribu-
tion with the signal plus background hypothesis, CL

b

,
a measure of the compatibility with the background-
only hypothesis, and CL

s

= CL
s+b

/CL
b

. A search
region is defined around the B0 invariant mass as
mB0 ± 60MeV/c2. For each BDT bin the invariant
mass signal region is divided into nine bins with bound-
aries mB0 ± 18, 30, 36, 48, 60MeV/c2, leading to a total
of 72 search bins.
An exponential function is fitted, in each BDT bin,

to the invariant mass sidebands. Even though they
do not contribute to the signal search window, the
b-hadron backgrounds are added as components in the
fit to account for their e↵ect on the combinatorial back-
ground estimate. The uncertainty on the expected
number of combinatorial background events per bin
is determined by applying a Poissonian fluctuation to
the number of events observed in the sidebands and by
varying the exponential slopes according to their uncer-
tainties. In each bin, the expectations for B0

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

(s) ! h+h0� background are accounted for. For each
branching fraction hypothesis, the expected number
of signal events is estimated from the normalisation
factor. Signal events are distributed in bins according
to the invariant mass and BDT calibrations.
In each bin, the expected numbers of signal and

background events are computed and compared to
the number of observed candidates using CL
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. The
expected and observed upper limits for the B0 ! µ+µ�

channel are summarised in Table 2 and the expected
and observed CL

s

values as functions of the branching
fraction are shown in Fig. 3.

In summary, a search for the rare decays B0

s ! µ+µ�

and B0 ! µ+µ� is performed with pp collision data
corresponding to integrated luminosities of 1 fb�1 and
2 fb�1 collected at

p
s = 7TeV and 8TeV, respec-

tively. The B0 decay yield is not significant and an
improved upper limit of B(B0 ! µ+µ�) < 7.4⇥ 10�10

at 95% CL is obtained. The B0

s ! µ+µ� signal is

Table 2: Expected limits for the background only (bkg)
and background plus SM signal (bkg+SM) hypotheses, and
observed limits on the B0 ! µ+µ� branching fraction.

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10

4

B limits
Bs significance 4 σ! B 2 σ!

In agreement with SM!Update of B(s)→µµ with 3fb-1[3fb-1/arXiv:1307.5024]



Combination with latest CMS result 
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B(s)→µµ combination with CMS 
[3fb-1/LHCb-CONF-2013-012]

]
9!

) [10!
µ+µ "s

0
BB(

0 1 2 3 4 5 6 7

 preliminary
CMS+LHCb

1!
CMS 25fb

1!
LHCb 3fb

SM

where the uncertainty due to fs/fd has been separated out. The first uncertainty includes
all other sources, including 5% relative uncertainty arising from a possible dependence of
fs/fd on B meson kinematics together with the use of the LHCb result for fs/fd in the
CMS acceptance [11]. The LHCb result with the fs/fd uncertainty similarly separated is

B(B0
s ! µ+µ�) =

�
2.87 +1.09

�0.95 ± 0.17
�
⇥ 10�9 . (4)

Because of the asymmetric uncertainties, the only exact method to combine these re-
sults is to combine the likelihood functions, either through a simultaneous fit or otherwise.
Such an approach, which would also allow a precise evaluation of the combined signifi-
cance, has not yet been performed. Instead, a number of simplified approaches have been
considered, including the Particle Data Group prescription [15] and others suggested in the
literature [16]. The results quoted are based on one of the methods suggested in Ref. [16].
The combinations are performed using ensembles of simplified pseudo-experiments, where
the distributions are modelled with variable-width Gaussian functions.3 It has been ver-
ified that other methods give similar results. The fs/fd uncertainty of ±0.17 ⇥ 10�9 in
B(B0

s ! µ+µ�) is treated as 100% correlated between the two measurements.
The preliminary combined results for the time-integrated branching fractions are

B(B0
s ! µ+µ�) = (2.9± 0.7)⇥ 10�9 , (5)

B(B0 ! µ+µ�) =
�
3.6 +1.6

�1.4

�
⇥ 10�10 ,

where the uncertainties include both statistical and systematic sources. Both branching
fractions are consistent with the SM expectations. Although a thorough evaluation of
the combined significance has not yet been performed, it is clear that the B0

s ! µ+µ�

decay is observed (i.e. > 5�), while the yield of B0 ! µ+µ� decays is not statistically
significant (i.e. < 3�).4

In summary, results from the CMS and LHCb collaborations on the branching fractions
of B0

s ! µ+µ� and B0 ! µ+µ� decays have been combined. The combinations are shown
in Fig. 1 and compared to results from other experiments on the B0

(s) ! µ+µ� decays in
Fig. 2.

3 The variable-width of the Gaussian function is given by �(x) = �̄ + �

0 ⇥ (x � x̄), where �̄ =
2�L�R/ (�L + �R) and �

0 = (�L � �R) / (�L + �R), where �L and �R are the asymmetric uncertainties,
and x̄ is the mean of the Gaussian function.

4 This conclusion is supported by a number of approximate methods to combine p-values [17].
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B(s)→µe

LFV process, sensible to NP, (i.e. leptoquarks)

similar strategy to Bs→µµ

normalization and control channel B→hh’
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TABLE I. Expected background (bkg) from the fit to the data sidebands, and expected B0
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BDT bin 0.0 – 0.25 0.25 – 0.4 0.4 – 0.5 0.5 – 0.6 0.6 – 0.7 0.7 – 0.8 0.8 – 0.9 0.9 – 1.0

Expected bkg (from fit) 2222± 51 80.9+10.1
�9.4 20.4+5.0

�4.5 13.2+3.9
�3.6 2.1+2.9

�1.4 3.1+1.9
�1.4 3.1+1.9

�1.4 1.7+1.4
�1.0

Expected B0
(s) ! h+h0� bkg 0.67±0.12 0.47±0.09 0.40±0.08 0.37±0.06 0.45±0.08 0.49±0.08 0.57±0.09 0.54±0.12

Observed 2332 90 19 4 3 3 3 1
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FIG. 3. CLs as a function of the assumed branching fraction for (left) B0
s

! e±µ⌥ and (right) B0 ! e±µ⌥ decays. The dashed
lines are the medians of the expected CLs distributions if background only was observed. The yellow (green) area covers, at
a given branching fraction, 34%(47.5%) of the expected CLs distribution on each side of its median. The solid black curves
are the observed CLs. The upper limits at 90% (95%) C.L. are indicated by the dotted (solid) vertical lines in blue for the
expectation and in red for the observation.

TABLE II. Expected (background only) and observed limits
on the B0

(s) ! e±µ⌥ branching fractions.

Mode Limit 90% C.L. 95% C.L.

B0
s

! e±µ⌥ Expected 1.5⇥ 10�8 1.8⇥ 10�8

Observed 1.1⇥ 10�8 1.4⇥ 10�8

B0 ! e±µ⌥ Expected 3.8⇥ 10�9 4.8⇥ 10�9

Observed 2.8⇥ 10�9 3.7⇥ 10�9

at
p
s = 7 TeV. The data are consistent with the

background-only hypothesis. Upper limits are set on the
branching fractions, B(B0

s ! e±µ⌥) < 1.1 (1.4)⇥ 10�8

and B(B0 ! e±µ⌥) < 2.8 (3.7)⇥ 10�9 at 90 (95)%
C.L., that are the most restrictive to date.
These limits translate into lower bounds on
the leptoquark masses in the Pati-Salam model
[10] of M

LQ

(B0

s ! e±µ⌥) > 101 (107)TeV/c2 and
M

LQ

(B0 ! e±µ⌥) > 135 (126)TeV/c2 at 90 (95)% C.L.,
respectively. These are a factor of two higher than the
previous bounds.
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Fig. 5. CLs (solid line) as a function of the assumed D0 ! µ+µ" branching frac-
tion and median (dashed line), 1! and 2! bands of the expected CLs , in the
background-only hypothesis, obtained with the asymptotic CLs method. The hori-
zontal lines corresponding to CLs = 0.05 (blue solid) and CLs = 0.1 (red solid) are
also drawn. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this Letter.)

a residual contribution from D#+ ! D0("+"")"+ events is visi-
ble among the peaking backgrounds.

The value obtained for the D0 ! µ+µ" branching fraction is
(0.09 ± 0.30) $ 10"8. Since no significant excess of signal is ob-
served with respect to the expected backgrounds, an upper limit is
derived. The limit determination is performed, using the signal and
background models parametrised as described above, in the RooSt-
ats framework [24], using the asymptotic CLs method [25]. This is
an approximate method, equivalent to the true CLs method per-
formed with simulated pseudo-experiments, when the data sam-
ples are not too small.

Fig. 5 shows the expected and observed CLs as a function of
the assumed D0 ! µ+µ" branching fraction. The expected upper
limit is 5.5 (6.7)+3.1

"2.0 $ 10"9 at 90% (95%) CL, while the observed
limit is 6.2 (7.6) $ 10"9 at 90% (95%) CL. The p-value for the
background-only hypothesis is 0.4.

The robustness of the fit procedure is tested with simulated
pseudo-experiments using the same starting values for the fit pa-
rameters used in the data fit except for the combinatorial back-
ground PDF, for which the fitted parameters from data are used.
Simulated pseudo-experiments are performed corresponding to
D0 ! µ+µ" branching fraction values of 0, 10"8 and 5 $ 10"8.
In all cases the results reproduce the input values within the esti-
mated uncertainties.

Several systematic checks are performed varying the selection
requirements, including the muon identification criteria, varying
the parametrisation of the fit components and the fit range and re-
moving the multivariate selection. The measured B(D0 ! µ+µ")
does not change significantly with these variations.

To test the dependence of the result on the knowledge of the
double misidentification probability, the uncertainty is doubled in
the fit input; B(D0 ! µ+µ") is consistent with the baseline re-
sult.

In addition, the robustness of the result is checked by artificially
increasing the value of the kaon to muon misidentification as de-
termined from data in Section 5 up to 200% of its measured value,
and the fitted branching fraction still remains consistent with no
significant excess of signal with respect to the background expec-
tations.

7. Summary

A search for the rare decay D0 ! µ+µ" is performed using a
data sample, corresponding to an integrated luminosity of 0.9 fb"1,

of pp collisions collected at a centre-of-mass energy of 7 TeV by
the LHCb experiment. The observed number of events is consistent
with the background expectations and corresponds to an upper
limit of

B
!

D0 ! µ+µ""
< 6.2 (7.6) $ 10"9 at 90% (95%) CL.

This result represents an improvement of more than a factor
twenty with respect to previous measurements but remains sev-
eral orders of magnitude larger than the SM prediction.
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Conclusions

LHC and LHCb performing beautifully

LHCb has an intense program on RD searches:
B→K*µµ angular analysis

new observables! (one bin in 24 shows discrepancy)

Measurement of Isospin Asymmetry B→K(*)µµ

new ψ resonance

4 σ Bs→µµ signal, limit on B→µµ

limits on D→µµ, B(s)→µe 

Everything in agreement with SM, no NP found (yet)!

Stringent constraints in models that extend the SM

Now looking for NP smallish effects...

21

]2
c [MeV/!

µ+µ
m

5000 5500

)
2

c
C

an
d

id
at

es
 /

 (
4

4
 M

eV
/

0

2

4

6

8

10

12

14

16

LHCb

BDT>0.7
-13 fb

Figure 2: Invariant mass distribution of the selected
B0

(s) ! µ+µ� candidates (black dots) with BDT > 0.7.
The result of the fit is overlaid (blue solid line) and the
di↵erent components detailed: B0

s

! µ+µ� (red long
dashed), B0 ! µ+µ� (green medium dashed), combinato-
rial background (blue medium dashed), B0

(s) ! h+h0� (ma-

genta dotted), B0(+) ! ⇡0(+)µ+µ� (light blue dot-dashed),
B0 ! ⇡�µ+⌫

µ

and B0
s

! K�µ+⌫
µ

(black dot-dashed).

results in

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 .

The statistical uncertainty is derived by repeating
the fit after fixing all the fit parameters, except the
B0

s ! µ+µ� and B0 ! µ+µ� branching fractions
and the slope and normalisation of the combinatorial
background, to their expected values. The systematic
uncertainty is obtained by subtracting in quadrature
the statistical uncertainty from the total uncertainty
obtained from the likelihood with all nuisance param-
eters allowed to vary according to their uncertainties.
Additional systematic uncertainties reflect the impact
on the result of changes in the parametrisation of the
background by including the ⇤0

b ! pµ�⌫̄µ component
and by varying the mass shapes of backgrounds from
b-hadron decays, and are added in quadrature. The val-
ues of the B0

(s) ! µ+µ� branching fractions obtained
from the fit are in agreement with the SM expectations.
The invariant mass distribution of the B0

(s) ! µ+µ�

candidates with BDT > 0.7 is shown in Fig. 2.
As no significant excess of B0 ! µ+µ� events

is found, a modified frequentist approach, the CL
s

method [38] is used, to set an upper limit on the
branching fraction. The method provides CL

s+b

, a

measure of the compatibility of the observed distribu-
tion with the signal plus background hypothesis, CL

b

,
a measure of the compatibility with the background-
only hypothesis, and CL

s

= CL
s+b

/CL
b

. A search
region is defined around the B0 invariant mass as
mB0 ± 60MeV/c2. For each BDT bin the invariant
mass signal region is divided into nine bins with bound-
aries mB0 ± 18, 30, 36, 48, 60MeV/c2, leading to a total
of 72 search bins.
An exponential function is fitted, in each BDT bin,

to the invariant mass sidebands. Even though they
do not contribute to the signal search window, the
b-hadron backgrounds are added as components in the
fit to account for their e↵ect on the combinatorial back-
ground estimate. The uncertainty on the expected
number of combinatorial background events per bin
is determined by applying a Poissonian fluctuation to
the number of events observed in the sidebands and by
varying the exponential slopes according to their uncer-
tainties. In each bin, the expectations for B0

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

(s) ! h+h0� background are accounted for. For each
branching fraction hypothesis, the expected number
of signal events is estimated from the normalisation
factor. Signal events are distributed in bins according
to the invariant mass and BDT calibrations.
In each bin, the expected numbers of signal and

background events are computed and compared to
the number of observed candidates using CL

s

. The
expected and observed upper limits for the B0 ! µ+µ�

channel are summarised in Table 2 and the expected
and observed CL

s

values as functions of the branching
fraction are shown in Fig. 3.

In summary, a search for the rare decays B0

s ! µ+µ�

and B0 ! µ+µ� is performed with pp collision data
corresponding to integrated luminosities of 1 fb�1 and
2 fb�1 collected at

p
s = 7TeV and 8TeV, respec-

tively. The B0 decay yield is not significant and an
improved upper limit of B(B0 ! µ+µ�) < 7.4⇥ 10�10

at 95% CL is obtained. The B0

s ! µ+µ� signal is

Table 2: Expected limits for the background only (bkg)
and background plus SM signal (bkg+SM) hypotheses, and
observed limits on the B0 ! µ+µ� branching fraction.

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10
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Figure 2: Invariant mass distribution of the selected
B0

(s) ! µ+µ� candidates (black dots) with BDT > 0.7.
The result of the fit is overlaid (blue solid line) and the
di↵erent components detailed: B0

s

! µ+µ� (red long
dashed), B0 ! µ+µ� (green medium dashed), combinato-
rial background (blue medium dashed), B0

(s) ! h+h0� (ma-

genta dotted), B0(+) ! ⇡0(+)µ+µ� (light blue dot-dashed),
B0 ! ⇡�µ+⌫

µ

and B0
s

! K�µ+⌫
µ

(black dot-dashed).

results in

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 .

The statistical uncertainty is derived by repeating
the fit after fixing all the fit parameters, except the
B0

s ! µ+µ� and B0 ! µ+µ� branching fractions
and the slope and normalisation of the combinatorial
background, to their expected values. The systematic
uncertainty is obtained by subtracting in quadrature
the statistical uncertainty from the total uncertainty
obtained from the likelihood with all nuisance param-
eters allowed to vary according to their uncertainties.
Additional systematic uncertainties reflect the impact
on the result of changes in the parametrisation of the
background by including the ⇤0

b ! pµ�⌫̄µ component
and by varying the mass shapes of backgrounds from
b-hadron decays, and are added in quadrature. The val-
ues of the B0

(s) ! µ+µ� branching fractions obtained
from the fit are in agreement with the SM expectations.
The invariant mass distribution of the B0

(s) ! µ+µ�

candidates with BDT > 0.7 is shown in Fig. 2.
As no significant excess of B0 ! µ+µ� events

is found, a modified frequentist approach, the CL
s

method [38] is used, to set an upper limit on the
branching fraction. The method provides CL

s+b

, a

measure of the compatibility of the observed distribu-
tion with the signal plus background hypothesis, CL

b

,
a measure of the compatibility with the background-
only hypothesis, and CL

s

= CL
s+b

/CL
b

. A search
region is defined around the B0 invariant mass as
mB0 ± 60MeV/c2. For each BDT bin the invariant
mass signal region is divided into nine bins with bound-
aries mB0 ± 18, 30, 36, 48, 60MeV/c2, leading to a total
of 72 search bins.
An exponential function is fitted, in each BDT bin,

to the invariant mass sidebands. Even though they
do not contribute to the signal search window, the
b-hadron backgrounds are added as components in the
fit to account for their e↵ect on the combinatorial back-
ground estimate. The uncertainty on the expected
number of combinatorial background events per bin
is determined by applying a Poissonian fluctuation to
the number of events observed in the sidebands and by
varying the exponential slopes according to their uncer-
tainties. In each bin, the expectations for B0

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

(s) ! h+h0� background are accounted for. For each
branching fraction hypothesis, the expected number
of signal events is estimated from the normalisation
factor. Signal events are distributed in bins according
to the invariant mass and BDT calibrations.
In each bin, the expected numbers of signal and

background events are computed and compared to
the number of observed candidates using CL

s

. The
expected and observed upper limits for the B0 ! µ+µ�

channel are summarised in Table 2 and the expected
and observed CL

s

values as functions of the branching
fraction are shown in Fig. 3.

In summary, a search for the rare decays B0

s ! µ+µ�

and B0 ! µ+µ� is performed with pp collision data
corresponding to integrated luminosities of 1 fb�1 and
2 fb�1 collected at

p
s = 7TeV and 8TeV, respec-

tively. The B0 decay yield is not significant and an
improved upper limit of B(B0 ! µ+µ�) < 7.4⇥ 10�10

at 95% CL is obtained. The B0

s ! µ+µ� signal is

Table 2: Expected limits for the background only (bkg)
and background plus SM signal (bkg+SM) hypotheses, and
observed limits on the B0 ! µ+µ� branching fraction.

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10
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fitting eq. 7.4 directly for A
S

and F
S

as uncorrelated variables. For the B0 ! K⇤0J/ 

control mode, the gain in statistical precision is approximately a factor of three.

Due to the limited number of signal candidates that are available in each of the q2

bins, the bins are merged in order to estimate the S-wave fraction. In the range 0.1 <

q2 < 19GeV2/c4, F
S

= 0.03 ± 0.03, which corresponds to an upper limit of F
S

< 0.04 at

68% confidence level (CL). The procedure has also been performed in the region 1 < q2 <

6GeV2/c4, where both F
L

and F
S

are expected to be enhanced. This gives F
S

= 0.04±0.04

and an upper limit of F
S

< 0.07 at 68% CL. In order to be conservative, F
S

= 0.07 is used

to estimate a systematic uncertainty on the di↵erential branching fraction and angular

analyses. The B0! K⇤0J/ data has been used to validate the method.

For the di↵erential branching fraction analysis, F
S

scales the observed branching frac-

tion by up to 7%. For the angular analysis, F
S

dilutes A
FB

, S
3

and A
9

. The impact on

F
L

however, is less easy to disentangle. To assess the possible size of a systematic bias,

pseudo-experiments have been carried out generating with, and fitting without, the S-wave

contribution in the likelihood fit. The typical bias on the angular observables due to the

S-wave is 0.01� 0.03.

8 Forward-backward asymmetry zero-crossing point

In the SM, A
FB

changes sign at a well defined value of q2, q2
0

, whose prediction is largely

free from form-factor uncertainties [3]. It is non-trivial to estimate q2
0

from the angular fits

to the data in the di↵erent q2 bins, due to the large size of the bins involved. Instead, A
FB

can be estimated by counting the number of forward-going (cos ✓` > 0) and backward-going

(cos ✓` < 0) candidates and q2
0

determined from the resulting distribution of A
FB

(q2).

The q2 distribution of the forward- and backward-going candidates, in the range 1.0 <

q2 < 7.8GeV2/c4, is shown in figure 6. To make a precise measurement of the zero-crossing

point a polynomial fit, P (q2), is made to the q2 distributions of these candidates. The

K+⇡�µ+µ� invariant mass is included in the fit to separate signal from background. If

P
F

(q2) describes the q2 dependence of the forward-going, and P
B

(q2) the backward-going

signal decays, then

A
FB

(q2) =
P
F

(q2)� P
B

(q2)

P
F

(q2) + P
B

(q2)
. (8.1)

The zero-crossing point of A
FB

is found by solving for the value of q2 at which A
FB

(q2)

is zero.

Using third-order polynomials to describe both the q2 dependence of the signal and

the background, the zero-crossing point is found to be

q2
0

= 4.9± 0.9GeV2/c4 .

The uncertainty on q2
0

is determined using a bootstrapping technique [45]. The zero-

crossing point is largely independent of the polynomial order and the q2 range that is

used. This value is consistent with SM predictions, which are typically in the range 3.9�
4.4GeV2/c4 [46–48] and have relative uncertainties below the 10% level, for example, q2

0

=

4.36+0.33
�0.31GeV2/c4 [47].
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τ→µµµ
LFV process, sensible to NP,

similar strategy to Bs→µµ

discrimination using BDT, mass and PID

combinatorial background bb→µµX, cc→µµX, D-s→η(µµγ)µν

normalization and control channel: D-s→𝜙(µµ)π-
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candidates in the four merged bins that contain the highest signal probabilities, (b) p̄µ+µ�

candidates in the two merged bins with the highest signal probabilities, and (c) pµ�µ� candidates
in the two merged bins with the highest signal probabilities.

7 Results213

Tables 2 and 3 give the expected and observed numbers of candidates for all three214

channels investigated, in each bin of the likelihood variables, where the uncertainties215

on the background likelihoods are used to compute the uncertainties on the expected216

numbers of events. No significant evidence for an excess of events is observed. Using the217

CL
s

method as a statistical framework, the distributions of observed and expected CL
s

218

values are calculated as functions of the assumed branching fractions. The aforementioned219

uncertainties and the uncertainties on the signal likelihoods and normalisation factors are220

included using the techniques described in Ref. [12]. The resulting distributions of CL
s

221

values are shown in Fig. 4.222

The expected limits at 90% (95%) CL for the branching fractions are223

B(⌧� ! µ�µ+µ�) < 8.3 (10.2)⇥ 10�8,

B(⌧� ! p̄µ+µ�) < 4.6 (5.9)⇥ 10�7,

B(⌧� ! pµ�µ�) < 5.4 (6.9)⇥ 10�7,

8

while the observed limits at 90% (95%) CL are224

B(⌧� ! µ�µ+µ�) < 8.0 (9.8)⇥ 10�8,

B(⌧� ! p̄µ+µ�) < 3.3 (4.3)⇥ 10�7,

B(⌧� ! pµ�µ�) < 4.4 (5.7)⇥ 10�7.

All limits are given for the phase-space model of ⌧ decays. For ⌧� ! µ�µ+µ�, the225

e�ciency is found to vary by no more than 20% over the µ�µ� mass range and by 10%226

over the µ+µ� mass range. For ⌧ ! pµµ, the e�ciency varies by less than 20% over the227

dimuon mass range and less than 10% with pµ mass.228

In summary, a first limit on the lepton flavour violating decay mode ⌧� ! µ�µ+µ�
229

has been obtained at a hadron collider. The result is compatible with previous limits and230

indicates that with the additional luminosity expected from the LHC over the coming231

years, the sensitivity of LHCb will become comparable with, or exceed, those of BaBar232

and Belle. First direct upper limits have been placed on the branching fractions for two233

⌧ decay modes that violate both baryon number and lepton flavour, ⌧� ! p̄µ+µ� and234

⌧� ! pµ�µ�.235
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7 Results213

Tables 2 and 3 give the expected and observed numbers of candidates for all three214

channels investigated, in each bin of the likelihood variables, where the uncertainties215

on the background likelihoods are used to compute the uncertainties on the expected216

numbers of events. No significant evidence for an excess of events is observed. Using the217

CL
s

method as a statistical framework, the distributions of observed and expected CL
s

218

values are calculated as functions of the assumed branching fractions. The aforementioned219

uncertainties and the uncertainties on the signal likelihoods and normalisation factors are220

included using the techniques described in Ref. [12]. The resulting distributions of CL
s

221

values are shown in Fig. 4.222

The expected limits at 90% (95%) CL for the branching fractions are223

B(⌧� ! µ�µ+µ�) < 8.3 (10.2)⇥ 10�8,

B(⌧� ! p̄µ+µ�) < 4.6 (5.9)⇥ 10�7,

B(⌧� ! pµ�µ�) < 5.4 (6.9)⇥ 10�7,
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observed:
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1 Introduction1

The observation of neutrino oscillations was the first evidence for lepton flavour violation2

(LFV). As a consequence, the introduction of mass terms for neutrinos in the Standard3

Model (SM) implies that LFV exists also in the charged sector, but with branching fractions4

smaller than ⇠ 10�40 [1,2]. Physics beyond the Standard Model (BSM) could significantly5

enhance these branching fractions. Many BSM theories predict enhanced LFV in ⌧�6

decays with respect to µ� decays1, with branching fractions within experimental reach [3].7

To date, no charged LFV decays such as µ� ! e��, µ� ! e�e+e�, ⌧� ! `�� and8

⌧� ! `�`+`� (with `� = e�, µ�) have been observed [4]. Baryon number violation (BNV)9

is believed to have occurred in the early universe, although the mechanism is unknown.10

BNV in charged lepton decays automatically implies lepton number and lepton flavour11

violation, with angular momentum conservation requiring the change |�(B � L)| = 012

or 2, where B and L are the net baryon and lepton numbers. The SM and most of its13

extensions [1] require |�(B � L)| = 0. Any observation of BNV or charged LFV would14

be a clear sign for BSM physics, while a lowering of the experimental upper limits on15

branching fractions would further constrain the parameter spaces of BSM models.16

In this Letter we report on searches for the LFV decay ⌧� ! µ�µ+µ� and the LFV17

and BNV decay modes ⌧� ! p̄µ+µ� and ⌧� ! pµ�µ� at LHCb [5]. The inclusive ⌧�18

production cross-section at the LHC is relatively large, at about 80µb (approximately19

80% of which comes from D�
s

! ⌧�⌫̄
⌧

), estimated using the bb̄ and cc̄ cross-sections20

measured by LHCb [6, 7] and the inclusive b ! ⌧ and c ! ⌧ branching fractions [8]. The21

⌧� ! µ�µ+µ� and ⌧ ! pµµ decay modes2 are of particular interest at LHCb, since muons22

provide clean signatures in the detector and the ring-imaging Cherenkov (RICH) detectors23

give excellent identification of protons.24

This Letter presents the first results on the ⌧� ! µ�µ+µ� decay mode from a hadron25

collider and demonstrates an experimental sensitivity at LHCb, with data corresponding to26

an integrated luminosity of 1.0 fb�1, that approaches the current best experimental upper27

limit, from Belle, B(⌧� ! µ�µ+µ�) < 2.1⇥ 10�8 at 90% confidence level (CL) [9]. BaBar28

and Belle have searched for BNV ⌧ decays with |�(B�L)| = 0 and |�(B�L)| = 2 using the29

modes ⌧� ! ⇤h� and ⇤̄h� (with h� = ⇡�, K�), and upper limits on branching fractions of30

order 10�7 were obtained [4]. BaBar has also searched for the B meson decays B0 ! ⇤+

c

l�,31

B� ! ⇤l� (both having |�(B � L)| = 0) and B� ! ⇤̄l� (|�(B � L)| = 2), obtaining32

upper limits at 90% CL on branching fractions in the range (3.2� 520)⇥ 10�8 [10]. The33

two BNV ⌧ decays presented here, ⌧� ! p̄µ+µ� and ⌧� ! pµ�µ�, have |�(B � L)| = 034

but they could have rather di↵erent BSM interpretations; they have not been studied by35

any previous experiment.36

In this analysis the LHCb data sample from 2011, corresponding to an integrated37

luminosity of 1.0 fb�1 collected at
p
s = 7TeV, is used. Selection criteria are implemented38

for the three signal modes, ⌧� ! µ�µ+µ�, ⌧� ! p̄µ+µ� and ⌧� ! pµ�µ�, and for the39

calibration and normalisation channel, which is D�
s

! �⇡� followed by � ! µ+µ�, referred40

1The inclusion of charge conjugate processes is implied throughout this Letter.
2In the following ⌧ ! pµµ refers to both the ⌧� ! p̄µ+µ� and ⌧� ! pµ�µ� channels.

1
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where the production and detection asymmetries are defined as

AP ⌘ [R(B�)�R(B+)]/[R(B�) +R(B+)], (3)

AD ⌘ [✏(K�)� ✏(K+)]/[✏(K�) + ✏(K+)], (4)

where R and ✏ represent the B meson production rate and kaon detection e�ciency,
respectively. The detection asymmetry has two components: one due to the di↵erent
interactions of positive and negative kaons with the detector material, and a left-right
asymmetry due to particles of di↵erent charges being deflected to opposite sides of
the detector by the magnet. The component of the detection asymmetry from muon
reconstruction is small and neglected. Since the LHCb experiment reverses the magnetic
field, about half of the data used in the analysis is taken with each polarity. Therefore, an
average of the measurements with the two polarities is used to suppress significantly the
second e↵ect. To account for both the detection and production asymmetries, the decay
B+ ! J/ K+ is used, which has the same final-state particles as B+ ! K+µ+µ� and
very similar kinematic properties. The CP asymmetry in B+ ! J/ K+ decays has been
measured as (1± 7)⇥ 10�3 [20, 21]. Neglecting the di↵erence in the final-state kinematic
properties of the kaon, the production and detection asymmetries are the same for both
modes, and the value of the CP asymmetry can be obtained via

A
CP

(B+ ! K+µ+µ�) = ARAW(B+ ! K+µ+µ�)�ARAW(B+ ! J/ K+)+A
CP

(B+ ! J/ K+). (5)

Di↵erences in the kinematic properties are accounted for by a systematic uncertainty.
In the data set, approximately 1330 B+ ! K+µ+µ� and 218,000 B+ ! J/ K+ sig-

nal decays are reconstructed. To measure any variation in A
CP

as a function of q2,
which improves the sensitivity of the measurement to physics beyond the SM, the
B+ ! K+µ+µ� dataset is divided into the seven q2 bins used in Ref. [1]. To de-
termine the number of B+ decays in each bin, a simultaneous unbinned maximum
likelihood fit is performed to the invariant mass distributions of the B+ ! K+µ+µ�

and B+ ! J/ K+ candidates in the range 5.10 < m
Kµµ

< 5.60GeV/c2. The signal
shape is parameterised by a Cruij↵ function, which is a centred Gaussian with
mean m

B

, with di↵erent left-right resolutions, �
L,R

, and non-Gaussian tails, ↵
L,R

:
C(m

Kµµ

) = N exp
�
�(m

Kµµ

�m
B

)2/[2�2
L,R

+ ↵
L,R

(m
Kµµ

�m
B

)2]
�
[22]. The combina-

torial background is described by an exponential function. Additionally, there is
background from partially-reconstructed decays such as B0 ! K⇤0(! K+⇡�)µ+µ� or
B0 ! J/ K⇤0(! K+⇡�) where the pion is undetected. For the B+ ! K+µ+µ� distri-
bution, these decays are fitted by an ARGUS function [23] convolved with a Gaussian
function to account for detector resolution. For the B+ ! J/ K+ decays the partially-
reconstructed background is modelled by another Cruij↵ function. The shapes of the
peaking backgrounds, due to B+ ! K+⇡+⇡� and B+ ! ⇡+µ+µ� decays, are taken from
fits to simulated events.

In each q2 bin, the B+ ! J/ K+ and B+ ! K+µ+µ� data sets are divided according
to the charge of the B+ meson and magnet polarity, providing eight distinct subsets.
These are fitted simultaneously with the parameters of the signal Cruij↵ function common

3

CP B+→K+µµ, B→K*µµ
CP Asymmetry predicted to be small SM

Use control channels to eliminate production and detection asymmetries
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A measurement of the CP asymmetry in B0 ! K!0!"!# decays is presented, based on 1:0 fb#1 of pp
collision data recorded by the LHCb experiment during 2011. The measurement is performed in six bins

of invariant mass squared of the !"!# pair, excluding the J=c and c $2S% resonance regions. Production
and detection asymmetries are removed using the B0 ! J=cK!0 decay as a control mode. The integrated

CP asymmetry is found to be #0:072& 0:040$stat% & 0:005$syst%, consistent with the standard model.
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The decay B0 ! K!0$! K""#%!"!# is a flavor
changing neutral current process that proceeds via electro-
weak loop and box diagrams in the standard model (SM)
[1]. The decay is highly suppressed in the SM and therefore
physics beyond the SM such as supersymmetry [2] can
contribute with a comparable amplitude via gluino or
chargino loop diagrams. A number of observables are
sensitive to such contributions, including the partial rate
of the decay, the !"!# forward-backward asymmetry
(AFB), and the CP asymmetry (ACP). The CP asymmetry
for B0 ! K!0!"!# is defined as

ACP ' !$ "B0 ! "K!0!"!#%#!$B0 ! K!0!"!#%
!$ "B0 ! "K!0!"!#%"!$B0 ! K!0!"!#% ; (1)

where ! is the decay rate and the initial flavor of the B
meson is tagged by the charge of the kaon from the K!

decay. The CP asymmetry is predicted to be of the order
10#3 in the SM [3,4] but is sensitive to physics beyond the
SM that changes the operator basis by modifying the
mixture of the vector and axial-vector components [5,6].
Some models that include new phenomena enhance the
observed CP asymmetry up to &0:15 [7]. The theoretical
prediction within a given model has a small error as the
form factor uncertainties, which are the dominant theoreti-
cal errors for the decay rate, cancel in the ratio.

The CP asymmetry in B0 ! K!0!"!# decays has
previously been measured by the Belle [8] and BABAR
[9] collaborations, with both results consistent with the
SM. The LHCb collaboration has recently demonstrated
its potential in this area with the most precise measurement
of AFB [10], and in this Letter, the measurement of the CP
asymmetry by LHCb is presented.

The LHCb detector [11] is a single-arm forward spec-
trometer covering the pseudorapidity range 2< #< 5,

designed for the study of particles containing b or c quarks.
The detector includes a high precision tracking system
consisting of a silicon-strip vertex detector surrounding
the pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power
of about 4 Tm, and three stations of silicon-strip detectors
and straw drift tubes placed downstream. The combined
tracking system has a momentum resolution #p=p that
varies from 0.4% at 5 GeV=c to 0.6% at 100 GeV=c and an
impact parameter resolution of 20 !m for tracks with high
transverse momentum (pT). Charged hadrons are identified
using two ring-imaging Cherenkov detectors. Photon, elec-
tron, and hadron candidates are identified by a calorimeter
system consisting of scintillating-pad and preshower detec-
tors, an electromagnetic calorimeter, and a hadronic calo-
rimeter. Muons are identified by a system composed of
alternating layers of iron and multiwire proportional cham-
bers. The trigger consists of a hardware stage, based on
information from the calorimeter and muon systems, fol-
lowed by a software stage that makes use of a full event
reconstruction.
The simulated events used in this analysis are produced

using the PYTHIA 6.4 generator [12], with a choice of
parameters specifically configured for LHCb [13]. The
EVTGEN package [14] describes the decay of the particles
and the GEANT4 toolkit [15] simulates the detector
response, implemented as described in Ref. [16]. QED
radiative corrections are generated with the PHOTOS

package [17].
The events used in the analysis are selected by a dedi-

cated muon hardware trigger and then by one or more of a
set of different muon and topological software triggers
[18,19]. The hardware trigger requires the muons have
pT greater than 1:48 GeV=c, and the software trigger
requires one of the final state particles to have both pT >
0:8 GeV=c and impact parameter with respect to all pp
interaction vertices >100 !m [19]. Triggered candidates
are subject to the same two-stage selection as that used in
Ref. [10]. The first stage is a cut-based selection, which
includes requirements on the B0 candidate’s vertex fit $2,
flight distance and invariant mass, and each track’s impact

*Full author list given at the end of the article.
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parameters with respect to any interaction vertex, pT and
polar angle. Background from misidentified kaon and pion
tracks is removed using information from the particle
identification (PID) system, and muon tracks are required
to have hits in the muon system. Finally, the production
vertex of theB0 candidate must liewithin 5mm of the beam
axis in the transverse directions, and within 200 mm of the
average interaction position in the beam (z) direction.

In the second stage, the candidates must pass a multi-
variate selection that uses a boosted decision tree [20] that
implements the AdaBoost algorithm [21]. This is a tighter
selection that takes into account other variables including
the decay time and flight direction of the B0 candidates, the
pT of the hadrons, measures of the track and vertex quality,
and PID information for the daughter tracks. For the rest of
the Letter, the inclusion of charge conjugate modes is
implied unless explicitly stated.

In order to obtain a clean sample of B0 ! K!0!"!#

decays, the c !c resonant decays B0 ! J=cK!0 and
B0 ! c $2S%K!0 are removed by excluding events with
!"!# invariant mass, m!"!# , satisfying 2:95<m!"!#<
3:18GeV=c2 or 3:59<m!"!#<3:77GeV=c2. If

mK""#!"!#<5:23GeV=c2, then the vetoes are extended

downwards by 0:15 GeV=c2 to remove the radiative tails
of the resonances. Backgrounds involving misidentified
particles are vetoed using cuts on the masses of the B0

and K!0 mesons and the !"!# pair, as well as using the
PID information for the daughter particles. These include
B0
s ! #!"!# candidates in which a kaon has been mis-

identified as a pion, B0 ! J=cK!0 candidates where a
hadron is swapped with a muon, and B" ! K"!"!#

candidates that combine with a random low momentum
pion. The vetoes are described fully in Ref. [10].ACP may
be diluted by B0 ! K!0!"!# candidates with the kaon
and pion misidentified as each other, which is estimated
as 0.8% of the B0 ! K!0!"!# yield using simulated
events. All B0 candidates must have a mass in the range
5:15–5:80 GeV=c2; the tight low mass edge of this window
serves to remove background from partially reconstructed
Bmeson decays. AllK!0 candidates must have an invariant
mass of the kaon-pion pair within 0:1 GeV=c2 of the
nominal K!0$892% mass. A proton veto, using PID infor-
mation from a neural network, is also applied to remove
background from "b decays, where a proton in the final
state is misidentified as a kaon or pion in the B0 !
K!0!"!# decay.

Approximately 2% of selected events contain two B0 !
K!0!"!# candidates that have tracks in common. The
majority of these candidates arise from swapping the
assignment of the kaon and pion hypothesis. As the charges
of the kaon and pion tag the flavor of the B meson these
duplicate candidates can bias the measured value of ACP.
This is accounted for by randomly removing one of the two
candidates from the sample. This process is repeated many
times over the full sample with a different random seed in

each case and the average measured value ofACP is taken
as the result.
An accurate measurement of ACP requires that the

differences in the production rates (R) of B0= !B0 mesons
and detection efficiencies ($) between the B0 !
K!0!"!# and !B0 ! !K!0!"!# modes be accounted for.
Assuming all asymmetries are small, the raw measured
asymmetry may be expressed as

ARAW & ACP " %AP "AD; (2)

where the production asymmetry, which is of the order of
1% [22], is defined as AP ' (R$ !B0% # R$B0%)=(R$ !B0% "
R$B0%) and the detection asymmetry is AD ' ($$ !B0% #
$$B0%)=($$ !B0% " $$B0%). The production asymmetry is
diluted through B0- !B0 oscillations by a factor %

% '
R1
0 $$t%e##t cos$mtdtR1

0 $$t%e##tdt
; (3)

where t, #, and $m are the decay time, mean decay rate,
and mass difference between the light and heavy eigen-
states of the B0 meson, respectively. The quantity AD is
dominated by the K""#=K#"" detection asymmetry that
arises due to left-right asymmetries in the LHCb detector
and different interactions of positively and negatively
charged tracks with the detector material. The left-right
asymmetry is canceled by taking an average with equal
weights of the CP asymmetries measured in two indepen-
dent data samples with opposite polarities of the LHCb
dipole magnet. These data samples correspond to 61% and
39% of the total data sample.
The production and interaction asymmetries are cor-

rected for using the B0 ! J=cK!0 decay mode as a control
channel. Since B0 ! K!0!"!# and B0 ! J=cK!0

decays have the same final state and similar kinematics,
the measured raw asymmetry for B ! J=cK!0 decays
may be simply expressed as ARAW$B0 ! J=cK!0% &
%AP "AD, in the absence of a CP asymmetry. B0 !
J=cK!0 proceeds via a b ! c!cs transition, as does the
decay mode B" ! J=cK", and hence should have a CP
asymmetry similar to ACP$B" ! J=cK"% & $1* 7% +
10#3 [23,24]. For this analysis, it is assumed that
ACP$B0 ! J=cK!0% & 0. The CP asymmetry in B0 !
K!0!"!# decays is then calculated as

ACP&ARAW$B0!K!0!"!#%#ARAW$B0!J=cK!0%:
(4)

Noncanceling asymmetries due to differences between the
kinematics of B0 ! K!0!"!# and B0 ! J=cK!0 decays
are considered systematic effects.
The full data sample, containing approximately 900

B0 ! K!0!"!# signal decays, is split into the six bins
of !"!# invariant mass squared (q2) used by the LHCb,
Belle, and CDF angular analyses [8,10,25]. An additional
bin of 1< q2 < 6 GeV2=c4 is used, to be compared to the
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parameters with respect to any interaction vertex, pT and
polar angle. Background from misidentified kaon and pion
tracks is removed using information from the particle
identification (PID) system, and muon tracks are required
to have hits in the muon system. Finally, the production
vertex of theB0 candidate must liewithin 5mm of the beam
axis in the transverse directions, and within 200 mm of the
average interaction position in the beam (z) direction.

In the second stage, the candidates must pass a multi-
variate selection that uses a boosted decision tree [20] that
implements the AdaBoost algorithm [21]. This is a tighter
selection that takes into account other variables including
the decay time and flight direction of the B0 candidates, the
pT of the hadrons, measures of the track and vertex quality,
and PID information for the daughter tracks. For the rest of
the Letter, the inclusion of charge conjugate modes is
implied unless explicitly stated.

In order to obtain a clean sample of B0 ! K!0!"!#

decays, the c !c resonant decays B0 ! J=cK!0 and
B0 ! c $2S%K!0 are removed by excluding events with
!"!# invariant mass, m!"!# , satisfying 2:95<m!"!#<
3:18GeV=c2 or 3:59<m!"!#<3:77GeV=c2. If

mK""#!"!#<5:23GeV=c2, then the vetoes are extended

downwards by 0:15 GeV=c2 to remove the radiative tails
of the resonances. Backgrounds involving misidentified
particles are vetoed using cuts on the masses of the B0

and K!0 mesons and the !"!# pair, as well as using the
PID information for the daughter particles. These include
B0
s ! #!"!# candidates in which a kaon has been mis-

identified as a pion, B0 ! J=cK!0 candidates where a
hadron is swapped with a muon, and B" ! K"!"!#

candidates that combine with a random low momentum
pion. The vetoes are described fully in Ref. [10].ACP may
be diluted by B0 ! K!0!"!# candidates with the kaon
and pion misidentified as each other, which is estimated
as 0.8% of the B0 ! K!0!"!# yield using simulated
events. All B0 candidates must have a mass in the range
5:15–5:80 GeV=c2; the tight low mass edge of this window
serves to remove background from partially reconstructed
Bmeson decays. AllK!0 candidates must have an invariant
mass of the kaon-pion pair within 0:1 GeV=c2 of the
nominal K!0$892% mass. A proton veto, using PID infor-
mation from a neural network, is also applied to remove
background from "b decays, where a proton in the final
state is misidentified as a kaon or pion in the B0 !
K!0!"!# decay.

Approximately 2% of selected events contain two B0 !
K!0!"!# candidates that have tracks in common. The
majority of these candidates arise from swapping the
assignment of the kaon and pion hypothesis. As the charges
of the kaon and pion tag the flavor of the B meson these
duplicate candidates can bias the measured value of ACP.
This is accounted for by randomly removing one of the two
candidates from the sample. This process is repeated many
times over the full sample with a different random seed in

each case and the average measured value ofACP is taken
as the result.
An accurate measurement of ACP requires that the

differences in the production rates (R) of B0= !B0 mesons
and detection efficiencies ($) between the B0 !
K!0!"!# and !B0 ! !K!0!"!# modes be accounted for.
Assuming all asymmetries are small, the raw measured
asymmetry may be expressed as

ARAW & ACP " %AP "AD; (2)

where the production asymmetry, which is of the order of
1% [22], is defined as AP ' (R$ !B0% # R$B0%)=(R$ !B0% "
R$B0%) and the detection asymmetry is AD ' ($$ !B0% #
$$B0%)=($$ !B0% " $$B0%). The production asymmetry is
diluted through B0- !B0 oscillations by a factor %

% '
R1
0 $$t%e##t cos$mtdtR1

0 $$t%e##tdt
; (3)

where t, #, and $m are the decay time, mean decay rate,
and mass difference between the light and heavy eigen-
states of the B0 meson, respectively. The quantity AD is
dominated by the K""#=K#"" detection asymmetry that
arises due to left-right asymmetries in the LHCb detector
and different interactions of positively and negatively
charged tracks with the detector material. The left-right
asymmetry is canceled by taking an average with equal
weights of the CP asymmetries measured in two indepen-
dent data samples with opposite polarities of the LHCb
dipole magnet. These data samples correspond to 61% and
39% of the total data sample.
The production and interaction asymmetries are cor-

rected for using the B0 ! J=cK!0 decay mode as a control
channel. Since B0 ! K!0!"!# and B0 ! J=cK!0

decays have the same final state and similar kinematics,
the measured raw asymmetry for B ! J=cK!0 decays
may be simply expressed as ARAW$B0 ! J=cK!0% &
%AP "AD, in the absence of a CP asymmetry. B0 !
J=cK!0 proceeds via a b ! c!cs transition, as does the
decay mode B" ! J=cK", and hence should have a CP
asymmetry similar to ACP$B" ! J=cK"% & $1* 7% +
10#3 [23,24]. For this analysis, it is assumed that
ACP$B0 ! J=cK!0% & 0. The CP asymmetry in B0 !
K!0!"!# decays is then calculated as

ACP&ARAW$B0!K!0!"!#%#ARAW$B0!J=cK!0%:
(4)

Noncanceling asymmetries due to differences between the
kinematics of B0 ! K!0!"!# and B0 ! J=cK!0 decays
are considered systematic effects.
The full data sample, containing approximately 900

B0 ! K!0!"!# signal decays, is split into the six bins
of !"!# invariant mass squared (q2) used by the LHCb,
Belle, and CDF angular analyses [8,10,25]. An additional
bin of 1< q2 < 6 GeV2=c4 is used, to be compared to the
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parameter may vary. Figure 1 shows the mass fit to the
B0 ! K!0!"!# decay in the full q2 range.

Many sources of systematic uncertainty cancel in the
difference of the raw asymmetries between B0 !
K!0!"!# and B0 ! J=cK!0 decays and in the average
of CP asymmetries measured using data recorded with
opposite magnet polarities. However, systematic uncer-
tainties can arise from residual noncanceling asymmetries
due to the different kinematic behavior of B0 ! K!0!"!#

and B0 ! J=cK!0 decays. The effect is estimated by
reweighting B0 ! J=cK!0 candidates so that their kine-
matic variables are distributed in the same way as for
B0 ! K!0!"!# candidates. The value of ARAW$B0 !
J=cK!0% is then calculated for these reweighted events and
the difference from the default value is taken as the system-
atic uncertainty. This procedure is carried out separately
for a number of quantities including the p, pT, and pseu-
dorapidity of the B0 and the K!0 mesons. The total system-
atic uncertainty associated with the different kinematic
behavior of the two decays is calculated by adding each
individual contribution in quadrature. This is conservative,
as many of the variables are correlated.

The random removal of multiple candidates discussed
above also introduces a systematic uncertainty on ACP.
The uncertainty on the mean value of ACP from the ten
different random removals is taken as the systematic
uncertainty.

The forward-backward asymmetry in B0 ! K!0!"!#

decays [10], which varies as a function of q2, causes
positive and negative muons to have different momentum
distributions. Different detection efficiencies for positive
and negative muons introduce an asymmetry that cannot be
accounted for by the B0 ! J=cK!0 decay, which does not
have a comparable forward-backward asymmetry. The
selection efficiencies for positive and negative muons are
evaluated using muons from J=c decay in data and the
resulting asymmetry in the selected B0 ! K!0!"!# sam-
ple is calculated in each q2 bin.

A number of possible effects due to the choice of model
for the mass fit are considered. The signal model is
replaced with a sum of two Gaussian distributions
and a possible difference in the mass resolution for

B0 ! K!0!"!# and B0 ! J=cK!0 decays is investigated
by allowing the width of the B0 ! K!0!"!# signal peak
to vary in a range of 0.7–1.3 times that of the B0 !
J=cK!0 model. These systematic uncertainties are sum-
marized in Table I. As a further cross-check, ACP is
calculated using a weighted average of the measurements
from the six q2 bins and the result is found to be consistent
with that obtained from the integrated data set.
The results of the full ACP fit are presented in Table II

and Fig. 2. The raw asymmetry in B0 ! J=cK!0 decays is
measured as

ARAW$B0 ! J=cK!0% & #0:0110' 0:0032' 0:0006;

where the first uncertainty is statistical and the second is
systematic. The CP asymmetry integrated over the full q2

range is calculated and found to be

ACP$B0 ! K!0!"!#% & #0:072' 0:040' 0:005:

The result is consistent with previous measurements made
by Belle [8], ACP $B ! K!l"l#% & #0:10' 0:10'
0:01, and BABAR [9], ACP $B ! K!l"l#% & 0:03'
0:13' 0:01. This measurement is significantly more

TABLE II. Values of ACP for B0 ! K!0!"!# in the q2 bins used in the analysis.

q2 region (GeV2=c4) Signal yield ACP

Statistical
uncertainty

Systematic
uncertainty

Total
uncertainty

0:05< q2 < 2:00 168' 15 #0:196 0.094 0.010 0.095
2:00< q2 < 4:30 72' 11 #0:098 0.153 0.016 0.154
4:30< q2 < 8:68 266' 19 #0:021 0.073 0.010 0.075
10:09< q2 < 12:86 157' 15 #0:054 0.097 0.011 0.098
14:18< q2 < 16:00 116' 12 #0:201 0.104 0.009 0.104
16:00< q2 < 20:00 128' 13 0.089 0.100 0.012 0.101
1:00< q2 < 6:00 194' 17 #0:058 0.064 0.009 0.064
0:05< q2 < 20:00 904' 35 #0:072 0.040 0.005 0.040
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FIG. 2 (color online). Fitted value ofACP in B0 ! K!0!"!#

decays in bins of the !"!# invariant mass squared (q2). The red
vertical lines mark the charmonium vetoes. The points are plotted
at themeanvalue ofq2 in each bin. The uncertainties on eachACP

value are the statistical and systematic uncertainties added in
quadrature. The dashed line corresponds to the q2 integrated
value, and the grey band is the 1" uncertainty on this value.

PRL 110, 031801 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

18 JANUARY 2013

031801-4

The rare decay B+ ! K+µ+µ� is a flavour-changing neutral current process mediated
by electroweak loop (penguin) and box diagrams. The absence of tree-level diagrams
for the decay results in a small value of the Standard Model (SM) prediction for the
branching fraction, which is supported by a measurement of (4.36± 0.23)⇥ 10�7 [1].
Physics processes beyond the SM that may enter via the loop and box diagrams could
have large e↵ects on observables of the decay. Examples include the decay rate, the µ+µ�

forward-backward asymmetry [1–3], and the CP asymmetry [2,4], as functions of the µ+µ�

invariant mass squared (q2).
The CP asymmetry is defined as

A
CP

=
�(B� ! K�µ+µ�)� �(B+ ! K+µ+µ�)

�(B� ! K�µ+µ�) + �(B+ ! K+µ+µ�)
, (1)

where � is the decay rate of the mode. This asymmetry is predicted to be of order 10�4

in the SM [5], but can be significantly enhanced in models beyond the SM [6]. Current
measurements including the dielectron mode, A

CP

(B ! K+`+`�), from BaBar and Belle
give �0.03± 0.14 and 0.04± 0.10, respectively [2, 4], and are consistent with the SM.
The CP asymmetry has already been measured at LHCb in B0 ! K⇤0µ+µ� decays [7],
A

CP

= �0.072± 0.040. Assuming that contributions beyond the SM are independent of
the flavour of the spectator quark, A

CP

should be similar for both B+ ! K+µ+µ� and
B0 ! K⇤0µ+µ� decays.

In this Letter, a measurement of A
CP

in B+ ! K+µ+µ� decays is presented using
pp collision data, corresponding to an integrated luminosity of 1.0 fb�1, recorded at a
centre-of-mass energy of 7TeV at LHCb in 2011. The inclusion of charge conjugate modes
is implied throughout unless explicitly stated.

The LHCb detector [8] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks. The detector
includes a high-precision tracking system consisting of a silicon-strip vertex detector
surrounding the pp interaction region, a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4Tm, and three stations of silicon-strip
detectors and straw drift tubes placed downstream. The combined tracking system provides
a momentum measurement with relative uncertainty that varies from 0.4% at 5GeV/c
to 0.6% at 100GeV/c, and impact parameter (IP) resolution of 20µm for tracks with
high transverse momentum (pT). Charged hadrons are identified using two ring-imaging
Cherenkov detectors [9]. Muons are identified by a system composed of alternating layers
of iron and multiwire proportional chambers [10].

Samples of simulated events are used to determine the e�ciency of selecting
B+ ! K+µ+µ� signal events and to study certain backgrounds. In the simulation, pp
collisions are generated using Pythia 6.4 [11] with a specific LHCb configuration [12].
Decays of hadronic particles are described by EvtGen [13], in which final-state radiation
is generated using Photos [14]. The interaction of the generated particles with the
detector and its response are implemented using the Geant4 toolkit [15] as described in
Ref. [16]. The simulated samples are corrected to reproduce the data distributions of the

1

B+ meson pT and vertex �2, the track �2 of the kaon, as well as the detector IP resolution,
particle identification and momentum resolution.

Candidate events are first required to pass a hardware trigger, which selects muons
with pT > 1.48GeV/c [17]. In the subsequent software trigger, at least one of the final
state particles is required to have pT > 1.0GeV/c and IP > 100µm with respect to all
primary pp interaction vertices (PVs) in the event. Finally, the tracks of two or more of
the final state particles are required to form a vertex that is displaced from the PVs.

An initial selection is applied to the B+ ! K+µ+µ� candidates to enhance signal
decays and suppress combinatorial background. Candidate B+ mesons must satisfy
requirements on the direction and flight distance, to ensure consistency with originating
from the PV. The decay products must pass criteria regarding the �2

IP, where �
2
IP is defined

as the di↵erence in �2 of a given PV reconstructed with and without the considered track.
There is also a requirement on the vertex �2 of the µ+µ� pair. All the tracks are required
to have pT > 250MeV/c.

Additional background rejection is achieved by using a boosted decision tree (BDT) [18]
that implements the AdaBoost algorithm [19]. The BDT uses the pT and �2

IP of the muons
and the B+ meson candidate, as well as the decay time, vertex �2, and flight direction of
the B+ candidate and the �2

IP of the kaon. Data, corresponding to an integrated luminosity
of 0.1 fb�1, are used to optimise this selection, leaving 0.9 fb�1 for the determination of
A

CP

.
Following the multivariate selection, candidate events pass several requirements to

remove specific sources of background. Particle identification (PID) criteria are applied to
kaon candidates to reduce the number of pions incorrectly identified as kaons. Candidates
with µ+µ� invariant mass in the ranges 2.95 < m

µµ

< 3.18GeV/c2 and 3.59 < m
µµ

<
3.77GeV/c2 are removed to reject backgrounds from tree level B+ ! J/ (! µ+µ�)K+ and
B+ !  (2S)(! µ+µ�)K+ decays. Those in the first range are selected as B+ ! J/ K+

decays, which are used as a control sample. If m
Kµµ

< 5.22GeV/c2, the vetoes are
extended downwards by 0.25 and 0.19GeV/c2, respectively, to remove the radiative tails of
the resonant decays. If 5.35 < m

Kµµ

< 5.50GeV/c2 the vetoes are extended upwards by
0.05GeV/c2 to remove misreconstructed resonant candidates that appear at large m

µµ

and
m

Kµµ

. Further vetoes are applied to remove B+ ! J/ K+ events in which the kaon and a
muon have been swapped, and contributions from decays involving charm mesons such as
B+ ! D0(! K+⇡�)⇡+ where both pions are misidentified as muons. After these selection
requirements have been applied, there are two sources of background that are di�cult to
distinguish from the signal. These are B+ ! K+⇡+⇡� and B+ ! ⇡+µ+µ� decays, which
both contribute at the level of 1% of the signal yield. These peaking backgrounds are
accounted for during the analysis.

In order to perform a measurement of A
CP

, the production and detection asymmetries
associated with the measurement must be considered. The measured asymmetry is

ARAW(B+ ! K+µ+µ�) = A
CP

(B+ ! K+µ+µ�) +AP +AD, (2)

2
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Figure 2: Measured value of A
CP

in B+ ! K+µ+µ� decays in bins of the µ+µ� invariant mass
squared (q2). The points are displayed at the mean value of q2 in each bin. The uncertainties
on each A

CP

value are the statistical and systematic uncertainties added in quadrature. The
excluded charmonium regions are represented by the vertical red lines, the dashed line is the
weighted average, and the grey band indicates the 1� uncertainty on the weighted average.
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Table 2: Values of A
CP

and the signal yields in the seven q2 bins, the weighted average, and
their associated uncertainties.

Stat. Syst.
q2 bin (GeV2/c4) B+ ! K+µ+µ� yield A

CP

(B+ ! K+µ+µ�) uncertainty uncertainty

0.05 < q2 < 2.00 164± 14 �0.152 0.085 0.008
2.00 < q2 < 4.30 167± 14 �0.008 0.094 0.012
4.30 < q2 < 8.68 339± 21 0.070 0.067 0.005
10.09 < q2 < 12.86 221± 17 0.060 0.081 0.024
14.18 < q2 < 16.00 145± 13 �0.079 0.091 0.008
16.00 < q2 < 18.00 145± 13 0.100 0.093 0.019
18.00 < q2 < 22.00 120± 13 �0.070 0.111 0.016

Weighted average 0.000 0.033 0.005

in B+ ! ⇡+µ+µ� decays to be large [24], and so the analysis is performed again
for values of A

CP

(B+ ! ⇡+µ+µ�) = ±0.5, with the larger of the two deviations in
A

CP

(B+ ! K+µ+µ�) taken as the systematic uncertainty. As the partially-reconstructed
background can arise from B0 ! K⇤0µ+µ� decays, the value of A

CP

for this source
background is taken to be �0.072 [7], the value from the LHCb measurement, neglect-
ing any further CP violation in angular distributions. The di↵erence in the fit result
compared to the zero A

CP

hypothesis is taken as the systematic uncertainty. Variations
in A

CP

(B+ ! K+⇡+⇡�) have a negligible e↵ect on the final result. A summary of the
systematic uncertainties is shown in Table 1. The value of A

CP

calculated by performing
the fits on the data set integrated over q2 is consistent with that from the weighted average
of the q2 bins.

The results for A
CP

in each q2 bin and the weighted average are displayed in Table 2,
as well as in Fig. 2. The value of the raw asymmetry in B+ ! J/ K+ determined from
the fit is �0.016± 0.002. The CP asymmetry in B+ ! K+µ+µ� decays is measured to be

A
CP

= 0.000± 0.033 (stat.)± 0.005 (syst.)± 0.007 (J/ K+),

where the third uncertainty is due to the uncertainty on the known value of
A

CP

(B+ ! J/ K+). This compares with the current world average of �0.05± 0.13 [20],
and previous measurements including the dielectron final state [2, 4]. This result is consis-
tent with the SM, as well as the B0 ! K⇤0µ+µ� decay mode, and improves the precision
of the current world average for the dimuon mode by a factor of four. With the recent
observation of resonant structure in the low-recoil region above the  (2S) resonance [27],
care should be taken when interpreting the result in this region. Interesting e↵ects due to
physics beyond the SM are possible through interference with this resonant structure, and
could be investigated in a future update of the measurement of A

CP

.
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