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LHCb detector 

+ very efficient trigger for di-muon channels ε ≈ 90 % 

good momentum ( Δ p / p = 0.4 – 0.6 % )  
and mass resolution  

decay time resolution ~ 45 fs  
 −> good separation of B vertices 

excellent muon identification  
(~ 97 % for 1-3 % π→µ mis-id probability)  

excellent K - π separation  
(~ 95 % for ~ 5 % π → K mis-id probability )   
−> helps to suppress peaking background 
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Forward spectrometer with acceptance optimized for b-hadrons: 2 < η < 5 



EW penguin decays 

b −> sll decays can theoretically be described by effective hamiltonian: 

FCNC as b −> sll transitions in the SM only possible via loop and box diagrams 
−> highly suppressed / new particles can enter the loop and modify observables  
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Electroweak penguin decays
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⌅ b ! s(d)`+`� decays are flavour changing neutral currents (FCNC)

⌅ Forbidden at tree-level in Standard Model (SM) ! loop-suppressed

⌅ New Physics amplitudes can modify B and angular distributions
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Description of FCNC processes in e↵ective field theory

⌅ E↵ective Hamiltonian for b ! s FCNC transition

He↵ = �4GFp
2
VtbV

⇤
ts

X

i

(CiOi + C 0
iO0

i)

⌅ Wilson coe�cients Ci encode short-distance physics
and possible NP e↵ects

⌅ Oi local operators with di↵erent Lorentz structure

⌅ O0
i helicity flipped operators, ms/mb suppressed
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Ø  Operators Oi depend on hadronic form factors (FF) of the decay  
    ( FF usually dominate theoretical uncertainties ) 

Ø  Wilson coefficients Ci describe short distance effects − sensitive to NP contributions   
     −> observables like branching fraction, CP asymmetries, angular distributions  
          depend on Ci  
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What I will show today 

Ø  Angular analysis of  B0 −> K* µµ  ( 1fb-1 )  
  JHEP 08 (2013) 131, Phys. Rev. Lett. 111 (2013) 191801 
 
   and  B+ −> K+ µµ, B0 −> Ks

0 µµ  ( 3fb-1 ) 
   arXiv:1403.8045v2 

 
 
 
Ø  CP asymmetry of B0 −> K* µµ, B+ −> K+ µµ  ( 3fb-1 )    

   LHCb-PAPER-2014-032, PRELIMINARY 
 
 
 
 
Ø  Branching fractions and isospin asymmetry of B −> K µµ  ( 3fb-1 ) 

   arXiv:1403.8044v3 
 
Ø  Ratio of branching fractions B+ −> K+ µµ and B+ −> K+ ee  ( 3fb-1 ) 

   arXiv:1406.6482v1 
 
Ø  Branching fractions of B+ −> hhh µµ   ( 3fb-1 )   

   LHCb-PAPER-2014-030, PRELIMINARY 
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The decay B0 ! K⇤0[! K+⇡�]µ+µ�
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Figure 1. Kinematic variables of

B̄0

d ! K̄⇤0(! K�⇡+) + ¯̀̀ decays:

i) the (¯̀̀ )-invariant mass squared q2,

ii) the angle ✓` between ` = `� and B̄

in the (¯̀̀ ) center of mass (c.m.), iii)

the angle ✓K⇤ between K� and B̄ in

the (K�⇡+) c.m. and iv) the angle �

between the two decay planes spanned

by the 3-momenta of the (K⇡)- and

(¯̀̀ )-systems, respectively.

V is assumed to be on-shell in the narrow-resonance approximation which restricts the number

of kinematic variables to four4. Using B̄0

d ! K̄⇤0(! K�⇡+) + ¯̀̀ for illustration, they might be

chosen as depicted in figure 1.

The di↵erential decay rate, after summing over lepton spins, factorises into

8⇡

3

d4�

dq2 d cos ✓` d cos ✓K⇤ d�
= Js

1

sin2 ✓K⇤ + Jc
1

cos2 ✓K⇤ + (Js
2

sin2 ✓K⇤ + Jc
2

cos2 ✓K⇤) cos 2✓`

+J
3

sin2 ✓K⇤ sin2 ✓` cos 2�+ J
4

sin 2✓K⇤ sin 2✓` cos�+ J
5

sin 2✓K⇤ sin ✓` cos�

+(Js
6

sin2 ✓K⇤ + Jc
6

cos2 ✓K⇤) cos ✓` + J
7

sin 2✓K⇤ sin ✓` sin�

+J
8

sin 2✓K⇤ sin 2✓` sin�+ J
9

sin2 ✓K⇤ sin2 ✓` sin 2�, (1)

that is, into q2-dependent observables5 J j
i (q

2) and the dependence on the angles ✓`, ✓K⇤ and

�. No additional angular dependencies can be induced by any extension of the SM operator

basis [11] as found by [12, 13]. The following simplifications arise in the limit m` ! 0: Js
1

= 3Js
2

,

Jc
1

= �Jc
2

and Jc
6

= 0.

The di↵erential decay rate d4�̄ of the CP-conjugated decay B0

d ! K0⇤(! K+⇡�) + ¯̀̀ is

obtained through the following replacements

J j
1,2,3,4,7 ! J̄ j

1,2,3,4,7[�W ! ��W ], J j
5,6,8,9 ! � J̄ j

5,6,8,9[�W ! ��W ], (2)

due to ` $ ¯̀) ✓` ! ✓` � ⇡ and � ! ��. The CP-violating (weak) phases �W are conjugated.

The angular distribution provides twice as many observables (J j
i and J̄ j

i ) when the decay

and its CP-conjugate decay are measured separately. This doubles again if the ` = e and µ

lepton flavours are not averaged. Notably, CP-asymmetries can be measured in an untagged

sample of B-mesons due to the presence of CP-odd observables (i = 5, 6, 8, 9) [7]. Moreover,

T-odd observables ⇠ cos �s sin �W (i = 7, 8, 9) are especially sensitive to weak BSM phases �W
[10, 14] contrary to T-even ones ⇠ sin �s sin �W (i = 1, . . . , 6), since the CP-conserved (strong)

phase �s is often predicted to be small. Note, that in the SM CP-violating e↵ects in b ! s are

doubly-suppressed by the Cabibbo angle as Im[VubV
⇤
us/(VtbV

⇤
ts)] ⇡ ⌘̄� ⇠ 10�2.

4 The o↵-resonance case has been studied in [9].
5 Possibilities to extract q2-integrated Jj

i from single-di↵erential distributions in ✓`, ✓K⇤ or � can be found in [10].

⌅ Decay fully described by three helicity angles ✓`, ✓K ,� and q2 = m(µ+µ�)2

⌅ 1

�

d3(�+ �̄)

d cos ✓`d cos ✓Kd�
=

9

32⇡

⇥
3
4 (1� FL) sin

2 ✓K + FL cos
2 ✓K + 1

4 (1� FL) sin
2 ✓K cos 2✓`

� FL cos
2 ✓K cos 2✓` + S3 sin

2 ✓K sin2 ✓` cos 2�

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

+ 4
3AFB sin2 ✓K cos ✓` + S7 sin 2✓K sin ✓` sin�

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

⇤

⌅ FL(q2), AFB(q2), Si(q2) combinations of K⇤0 spin amplitudes

depending on Wilson coe�cients C(0)
7 , C(0)

9 , C(0)
10

⌅ q2 dependency given by hadronic form-factors ! Large theory uncertainty

⌅ Determine observables in 4D (cos ✓`, cos ✓K ,� and mK⇡µµ) fit in bins of q2
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Angular analysis of  B0
→ K∗µ+µ−

The rare decay B0 ! K⇤0µ+µ�, where K⇤0

indicates the K⇤(892)0 ! K+⇡� decay, is a
flavor-changing neutral current process that
proceeds via loop and box amplitudes in the
Standard Model (SM). In extensions of the SM,
contributions from new particles can enter in
competing amplitudes and modify the angular
distributions of the decay products. This decay
has been widely studied from both theoreti-
cal [1–3] and experimental [4–7] perspectives.
Its angular distribution is described by three
angles (✓

`

, ✓
K

and �) and the dimuon invariant

mass squared, q2; ✓
`

is the angle between the
flight direction of the µ+ (µ�) and the B0 (B0)
meson in the dimuon rest frame; ✓

K

is the an-
gle between the flight direction of the charged
kaon and the B0 (B0) meson in the K⇤0 (K⇤0)
rest frame; and � is the angle between the de-
cay planes of the K⇤0 (K⇤0) and the dimuon
system in the B0 (B0) meson rest frame. A
formal definition of the angles can be found
in Ref. [7]. Using the definitions of Ref. [1]
and summing over B0 and B0 mesons, the dif-
ferential angular distribution can be written
as

1
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K
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K

sin2 ✓
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i
,

(1)

where the q2 dependent observables FL and
S
i

are bilinear combinations of the K⇤0 decay
amplitudes. These in turn are functions of
the Wilson coe�cients, which contain infor-
mation about short distance e↵ects and are
sensitive to physics beyond the SM, and form-
factors, which depend on long distance e↵ects.
Combinations of FL and S

i

with reduced form-
factor uncertainties have been proposed inde-
pendently by several authors [2, 3, 8–10]. In
particular, in the large recoil limit (low-q2) the
observables denoted as P 0

4, P
0
5, P

0
6 and P 0

8 [11]
are largely free from form-factor uncertainties.
These observables are defined as

P 0
i=4,5,6,8 =

S
j=4,5,7,8p

FL(1� FL)
. (2)

This Letter presents the measurement of the
observables S

j

and the respective observables
P 0
i

. This is the first measurement of these quan-
tities by any experiment. Moreover, these ob-
servables provide complementary information
about physics beyond the SM with respect to
the angular observables previously measured in
this decay [4–7]. The data sample analyzed cor-
responds to an integrated luminosity of 1.0 fb�1

of pp collisions at a center-of-mass energy of 7
TeV collected by the LHCb experiment in 2011.
Charged conjugation is implied throughout this
Letter, unless otherwise stated.
The LHCb detector [12] is a single-arm for-

ward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of

1

B0 −> K* µµ  described by three angles (θK, θl, Φ ) and di-muon mass squared, q2: 
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Figure 4: Fraction of longitudinal polarisation of the K⇤0, F
L

, dimuon system forward-backward
asymmetry, A

FB

and the angular observables S
3

and A
9

from the B0! K⇤0µ+µ� decay as a
function of the dimuon invariant mass squared, q2. The lowest q2 bin has been corrected for
the threshold behaviour described in Sec. 7.2. The experimental data points overlay the SM
prediction described in the text. A rate average of the SM prediction across each q2 bin is
indicated by the dark (purple) rectangular regions. No theory prediction is included for A

9

,
which is vanishingly small in the SM.

7.2 Angular distribution at large recoil

In the previous section, when fitting the angular distribution, it was assumed that the
muon mass was small compared to that of the dimuon system. Whilst this assumption is
valid for q2 > 2GeV2/c4, it breaks down in the 0.1 < q2 < 2.0GeV2/c4 bin. In this bin,
the angular terms receive an additional q2 dependence, proportional to

1� 4m2

µ

/q2

1 + 2m2

µ

/q2
or

(1� 4m2

µ

/q2)1/2

1 + 2m2

µ

/q2
, (6)

depending on the angular term I
j

[1].
As q2 tends to zero, these threshold terms become small and reduce the sensitivity

to the angular observables. Neglecting these terms leads to a bias in the measurement
of the angular observables. Previous analyses by LHCb, BaBar, Belle and CDF have not

14

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

L
F

0

0.2

0.4

0.6

0.8

1

Theory Binned
LHCb

LHCb

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

FB
A

-1

-0.5

0

0.5

1

LHCb

Theory Binned
LHCb

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

3
S

-0.4

-0.2

0

0.2

0.4 LHCb

Theory Binned
LHCb

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

9
A

-0.4

-0.2

0

0.2

0.4

LHCb

LHCb

Figure 4: Fraction of longitudinal polarisation of the K⇤0, F
L

, dimuon system forward-backward
asymmetry, A

FB

and the angular observables S
3

and A
9

from the B0! K⇤0µ+µ� decay as a
function of the dimuon invariant mass squared, q2. The lowest q2 bin has been corrected for
the threshold behaviour described in Sec. 7.2. The experimental data points overlay the SM
prediction described in the text. A rate average of the SM prediction across each q2 bin is
indicated by the dark (purple) rectangular regions. No theory prediction is included for A

9

,
which is vanishingly small in the SM.

7.2 Angular distribution at large recoil

In the previous section, when fitting the angular distribution, it was assumed that the
muon mass was small compared to that of the dimuon system. Whilst this assumption is
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to the angular observables. Neglecting these terms leads to a bias in the measurement
of the angular observables. Previous analyses by LHCb, BaBar, Belle and CDF have not
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Observables extracted from 4d fit – in bins of q2 

LHCb-PAPER-2013-019 
JHEP 08 (2013) 131 

Zero-crossing point of AFB in SM largely free from form-factor uncertainties: 
   

AFB =
3

4
S6

q20 = 4.9± 0.9 GeV2/c4
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( 1fb-1 ) 

 −> consistent with SM predictions  ( 3.9 – 4.4 GeV2/c4 )  



FF independent observables LHCb-PAPER-2013-037 
Phys. Rev. Lett. 111 (2013) 191801 

Form-factor independent observables:  

The rare decay B0 ! K⇤0µ+µ�, where K⇤0

indicates the K⇤(892)0 ! K+⇡� decay, is a
flavor-changing neutral current process that
proceeds via loop and box amplitudes in the
Standard Model (SM). In extensions of the SM,
contributions from new particles can enter in
competing amplitudes and modify the angular
distributions of the decay products. This decay
has been widely studied from both theoreti-
cal [1–3] and experimental [4–7] perspectives.
Its angular distribution is described by three
angles (✓

`

, ✓
K

and �) and the dimuon invariant

mass squared, q2; ✓
`

is the angle between the
flight direction of the µ+ (µ�) and the B0 (B0)
meson in the dimuon rest frame; ✓

K

is the an-
gle between the flight direction of the charged
kaon and the B0 (B0) meson in the K⇤0 (K⇤0)
rest frame; and � is the angle between the de-
cay planes of the K⇤0 (K⇤0) and the dimuon
system in the B0 (B0) meson rest frame. A
formal definition of the angles can be found
in Ref. [7]. Using the definitions of Ref. [1]
and summing over B0 and B0 mesons, the dif-
ferential angular distribution can be written
as

1

d�/dq2
d4�

d cos ✓
`

d cos ✓
K

d� dq2
=

9

32⇡


3

4
(1� FL) sin

2 ✓
K

+ FL cos
2 ✓

K

+
1

4
(1� FL) sin

2 ✓
K

cos 2✓
`

� FL cos
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
,

(1)

where the q2 dependent observables FL and
S
i

are bilinear combinations of the K⇤0 decay
amplitudes. These in turn are functions of
the Wilson coe�cients, which contain infor-
mation about short distance e↵ects and are
sensitive to physics beyond the SM, and form-
factors, which depend on long distance e↵ects.
Combinations of FL and S

i

with reduced form-
factor uncertainties have been proposed inde-
pendently by several authors [2, 3, 8–10]. In
particular, in the large recoil limit (low-q2) the
observables denoted as P 0

4, P
0
5, P

0
6 and P 0

8 [11]
are largely free from form-factor uncertainties.
These observables are defined as

P 0
i=4,5,6,8 =

S
j=4,5,7,8p

FL(1� FL)
. (2)

This Letter presents the measurement of the
observables S

j

and the respective observables
P 0
i

. This is the first measurement of these quan-
tities by any experiment. Moreover, these ob-
servables provide complementary information
about physics beyond the SM with respect to
the angular observables previously measured in
this decay [4–7]. The data sample analyzed cor-
responds to an integrated luminosity of 1.0 fb�1

of pp collisions at a center-of-mass energy of 7
TeV collected by the LHCb experiment in 2011.
Charged conjugation is implied throughout this
Letter, unless otherwise stated.
The LHCb detector [12] is a single-arm for-

ward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of

1Observables extracted separately from different fits to dataset: 

The presence of a K+⇡� system in an S-
wave configuration, due to a non-resonant con-
tribution or to feed-down from K+⇡� scalar
resonances, results in additional terms in the
di↵erential angular distribution. Denoting the
right-hand side of Eq. 1 by WP, the di↵erential
decay rate takes the form

(1� FS)WP +
9

32⇡
(WS +WSP) , (7)

where

WS =
2

3
FS sin

2 ✓
`

(8)

and WSP is given by

4

3
AS sin

2 ✓
`

cos ✓
K

+ A(4)
S sin ✓

K

sin 2✓
`

cos�+

A(5)
S sin ✓

K

sin ✓
`

cos�+ A(7)
S sin ✓

K

sin ✓
`

sin�

+A(8)
S sin ✓

K

sin 2✓
`

sin� .
(9)

The factor FS is the fraction of the S-wave
component in the K⇤0 mass window, and WSP

contains all the interference terms, A(i)
S , of the

S-wave with the K⇤0 transversity amplitudes
as defined in Ref. [26]. In Ref. [7], FS was mea-
sured to be less than 0.07 at 68% confidence
level. The maximum value that the quanti-
ties A(i)

S can assume is a function of FS and
FL [11]. The S-wave contribution is neglected
in the fit to data, but its e↵ect is evaluated
and assigned as a systematic uncertainty us-
ing pseudo-experiments. A large number of
pseudo-experiments with FS = 0.07 and with
the interference terms set to their maximum
allowed values are generated. All other param-
eters, including the angular observables, are set
to their measured values in data. The pseudo-
experiments are fitted ignoring S-wave and in-
terference contributions. The corresponding
bias in the measurement of the angular observ-
ables is assigned as a systematic uncertainty.
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Figure 1: Measured values of P 0
4 and P 0

5 (black
points) compared with SM predictions from
Ref. [11] (blue bands).

The results of the angular fits to the data are
presented in Table 1. The statistical uncertain-
ties are determined using the Feldman-Cousins
method [27]. The systematic uncertainty takes
into account the limited knowledge of the angu-
lar acceptance, uncertainties in the signal and
background invariant mass models, the angu-
lar model for the background, and the impact
of a possible S-wave amplitude. E↵ects due
to B0/B0 production asymmetry have been
considered and found negligibly small. The
comparison between the measurements and the
theoretical predictions from Ref. [11] are shown
in Fig. 1 for the observables P 0

4 and P 0
5. The

observables P 0
6 and P 0

8 (as well as S7 and S8)
are suppressed by the small size of the strong
phase di↵erence between the decay amplitudes,
and therefore are expected to be close to zero

4

The presence of a K+⇡� system in an S-
wave configuration, due to a non-resonant con-
tribution or to feed-down from K+⇡� scalar
resonances, results in additional terms in the
di↵erential angular distribution. Denoting the
right-hand side of Eq. 1 by WP, the di↵erential
decay rate takes the form

(1� FS)WP +
9

32⇡
(WS +WSP) , (7)

where

WS =
2

3
FS sin

2 ✓
`

(8)

and WSP is given by
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3
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2 ✓
`

cos ✓
K

+ A(4)
S sin ✓

K

sin 2✓
`

cos�+
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S sin ✓
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sin ✓
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cos�+ A(7)
S sin ✓

K

sin ✓
`

sin�
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(9)

The factor FS is the fraction of the S-wave
component in the K⇤0 mass window, and WSP

contains all the interference terms, A(i)
S , of the

S-wave with the K⇤0 transversity amplitudes
as defined in Ref. [26]. In Ref. [7], FS was mea-
sured to be less than 0.07 at 68% confidence
level. The maximum value that the quanti-
ties A(i)

S can assume is a function of FS and
FL [11]. The S-wave contribution is neglected
in the fit to data, but its e↵ect is evaluated
and assigned as a systematic uncertainty us-
ing pseudo-experiments. A large number of
pseudo-experiments with FS = 0.07 and with
the interference terms set to their maximum
allowed values are generated. All other param-
eters, including the angular observables, are set
to their measured values in data. The pseudo-
experiments are fitted ignoring S-wave and in-
terference contributions. The corresponding
bias in the measurement of the angular observ-
ables is assigned as a systematic uncertainty.
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Figure 1: Measured values of P 0
4 and P 0

5 (black
points) compared with SM predictions from
Ref. [11] (blue bands).

The results of the angular fits to the data are
presented in Table 1. The statistical uncertain-
ties are determined using the Feldman-Cousins
method [27]. The systematic uncertainty takes
into account the limited knowledge of the angu-
lar acceptance, uncertainties in the signal and
background invariant mass models, the angu-
lar model for the background, and the impact
of a possible S-wave amplitude. E↵ects due
to B0/B0 production asymmetry have been
considered and found negligibly small. The
comparison between the measurements and the
theoretical predictions from Ref. [11] are shown
in Fig. 1 for the observables P 0

4 and P 0
5. The

observables P 0
6 and P 0

8 (as well as S7 and S8)
are suppressed by the small size of the strong
phase di↵erence between the decay amplitudes,
and therefore are expected to be close to zero

4

Ø  In general good agreement with SM expectation, discrepancy for P5
’  in 3rd q2 bin 

Ø  P-value for observed deviation is 0.02% ( 3.7σ ) 

    possible reasons:   smaller Wilson coefficient C9 with respect to SM     
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Angular analysis of  
1 Introduction

The B+! K+µ+µ� and B0! K0
Sµ

+µ� decays are rare, flavour-changing neutral-current
processes that are mediated by electroweak box and penguin amplitudes in the Standard
Model (SM).1 In well motivated extensions of the SM [1,2], new particles can introduce
additional amplitudes that modify the angular distribution of the final-state particles
predicted by the SM.

In this paper, the angular distributions of the final-state particles are probed by
determining the di↵erential rate of the B meson decays as a function of the angle between
the direction of one of the muons and the direction of the K+ or K0

S meson in the rest
frame of the dimuon system. The analysis is performed in bins of q2, the dimuon invariant
mass squared. The angular distribution of B+ ! K+µ+µ� decays has previously been
studied by the BaBar [3], Belle [4], CDF [5] and LHCb [6] experiments with less data.

For the decay B+! K+µ+µ�, the di↵erential decay rate can be written as [2, 7]

1

�

d�

d cos ✓
l

=
3

4
(1� FH)(1� cos2 ✓

l

) +
1

2
FH + AFB cos ✓

l

, (1)

where ✓
l

is the angle between the direction of the µ� (µ+) lepton and the K+ (K�)
meson for the B+ (B�) decay. The di↵erential decay rate depends on two parameters, the
forward-backward asymmetry of the dimuon system, AFB, and a second parameter FH,
which corresponds to the fractional contribution of (pseudo)scalar and tensor amplitudes
to the decay width in the approximation that muons are massless. The decay width, AFB

and FH all depend on q2.
The structure of Eq. 1 follows from angular momentum conservation in the decay of a

pseudo-scalar B meson into a pseudo-scalar K meson and a pair of muons. In contrast to
the decay B0! K⇤0µ+µ�, AFB is zero up to tiny corrections in the SM. A sizable value of
AFB is possible in models that introduce large (pseudo)scalar- or tensor-like couplings [1,2].
The parameter FH is non-zero, but small, in the SM due to the finite muon mass. For
Eq. 1 to remain positive at all lepton angles, AFB and FH have to satisfy the constraints
0  FH  3 and |AFB|  FH/2.

Since the B0 and B0 meson can decay to the same K0
Sµ

+µ� final state, it is not possible
to determine the flavour of the B meson from the decay products. Without tagging the
flavour of the neutral B meson at production, it is therefore not possible to unambiguously
chose the correct muon to determine ✓

l

. For this reason, ✓
l

is always defined with respect
to the µ+ for decays to the K0

Sµ
+µ� final-state. In this situation any visible AFB would

indicate that there is either a di↵erence in the number of B0 and B0 mesons produced,
CP violation in the decay or that the AFB of the B0 and B0 decay di↵er. Any residual
asymmetry can be canceled by performing the analysis in terms of |cos ✓

l

|,
1

�

d�

d|cos ✓
l

| =
3

2
(1� FH)(1� |cos ✓

l

|2) + FH , (2)

1The inclusion of charge conjugated processes is implied throughout.
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B0 −> Ks
0 µµ ( total Nsig= 176 ± 17 ) 

AFB:   forward backward asymmetry of di-muon system −> zero in SM 
FH:    fractional contribution of (pseudo)scalar + tensor amplitudes −> small in SM  

B+ −> K+ µµ  (total Nsig= 4746 ± 81) 
 

B+ −> K+ µµ: 

B0 −> Ks
0 µµ: 
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Parameters extracted from 2d fit ( mass – angle ) 
 
Ø  in bins of q2 
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−> most precise to date + consistent with SM  
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B0 −> Ks
0 µµ  
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Figure 1: Maximum unbinned likelihood fits to the integrated data set for a) B+ ! K+µ+µ�

and b) B� ! K�µ+µ� decays for one magnet polarity, and c) B+ ! K+µ+µ� and d) B� !
K�µ+µ� for the other. The blue, solid line represents the total fit, the red, short-dashed line
represents the signal component and the grey, long-dashed line represents the combinatorial
background.

In the mass fit, di↵erent functions are used to check if the shape used a↵ects the189

result. The fit is repeated, first using an Apollonios function, which is the exponential of190

a hyperbola combined with a power-law low-mass tail [26], for the signal in place of the191

Crystal Balls, and a second time with a second-order Chebychev polynomial modelling192

the combinatorial background. The di↵erence in the fit result with respect to the nominal193

fit is assigned as a systematic uncertainity.194

For the B

0 ! K

⇤0
µ

+
µ

� candidates, there is a further source of systematic uncertainty195

arising from events that contain duplicate candidates, one with the kaon and pion identified196

correctly, and one with them swapped. The PID requirement described earlier removes197

one of each pair of these candidates, but it is not guaranteed to pick the correct candidate198

every time. The fit is repeated using a second data set with the duplicate candidates199

weighted by a factor of one-half, i.e. accepting both are equally likely to be correct, rather200

than with one of them removed. The di↵erence in the fit result is taken as the systematic201

6

CP asymmetries of   

CP asymmetries of B+ −> K+ µµ and B0 −> K* µµ   

ACP =
Γ(B̄ → K̄(∗)µ+µ−)− Γ(B → K(∗)µ+µ−)

Γ(B̄ → K̄(∗)µ+µ−) + Γ(B → K(∗)µ+µ−)

B → Kµ+µ− LHCb-PAPER-2014-032 
PRELIMINARY 

Ø  SM prediction is O(10-3),  JHEP 01 (2009) 019       

B+ −> K+ µµ B- −> K- µµ 
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ACP(B → K(∗)µ+µ−) = ARAW(B → K(∗)µ+µ−) − ARAW(B → J/ΨK(∗))

−> consistent with SM prediction   

difference removes production  
and detection efficiencies 

averaged over q2 bins: 
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Yields give raw asymmetry ARAW −> contaminated by production and detection asymmetries 

B+ −> K+ µµ  B0 −> K* µµ  

ACP ( B −> J/Ψ K(*) ) assumed to be zero 

ACP(B∗ → K∗µ+µ−) = −0.035± 0.024(stat)± 0.003(syst)

ACP(B0 → K0µ+µ−) = 0.012± 0.017(stat)± 0.001(syst)



Ø  Branching fraction measurement for B0 −> K0 µµ, B+ −> K+ µµ and B+ −> K*+ µµ   
     ( B0−> K*0 µµ to be updated soon with detailed study of s-wave contribution ) 
 
Ø  Full Run-2 dataset ( 3fb-1 ) 
 
Ø  normalized to resonant B −> J/Ψ K  channels 
     
 
 

BR(B → Kµ+µ−) LHCb-PAPER-2014-006 
arXiv:1403.8044v3 
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Table 1: Observed yields of the four signal channels summed over the q2 bins, excluding the
charmonium resonance regions. Only the statistical uncertainties are shown.

Decay mode Signal yield

B+! K+µ+µ� 4746± 81

B0! K0

Sµ
+µ� 176± 17

B+! K⇤+(! K0

S⇡
+)µ+µ� 162± 16

B0! K⇤0(! K+⇡�)µ+µ� 2361± 56
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Figure 1: Reconstructed B candidate mass for the four signal modes. The data are overlaid
with the result of the fit described in the text. The long and downstream K0

S categories are
combined. The results of the fits, performed in separate q2 bins, are merged for presentation
purposes. The blue (shaded) region is the combinatorial background.

made to the long and downstream categories. The mass fits for the four signal channels
are shown in Fig. 1, where the long and downstream K0

S categories are combined and the
results of the fits, performed in separate q2 bins, are merged for presentation purposes.
The corresponding number of signal candidates for each channel is given in Table 1.

5

B(B+
→ K+µ+µ−) = (4.29± 0.07(stat)± 0.21(syst)) · 10−7

B(B0
→ K0µ+µ−) = (3.27± 0.34(stat)± 0.17(syst)) · 10−7

B(B+
→ K∗+µ+µ−) = (39.24± 0.93(stat)± 0.67(syst)) · 10−7

extrapolated to full q2 range: 

−> more precise than world average 
−> consistent with predictions but favors  
     lower values 

main systematic uncertainty: B −> J/Ψ K branching fraction 
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Isospin asymmetries of   
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AI =
B(B0 → K(∗)0µ+µ−)− (τ0/τ+)B(B+ → K(∗)+µ+µ−))

B(B0 → K(∗)0µ+µ−) + (τ0/τ+)B(B+ → K(∗)+µ+µ−))

Ø  SM prediction is O(1%) below J/Ψ resonance, even smaller above   
    JHEP 01 (2003) 074, JHEP 02 (2013) 010, Phys. Rev D88 (2013) 094004   

Ø  previous measurements from Babar, Belle, LHCb (1fb-1)  
    Phys. Rev. D86 (2012) 032012, Phys. Rev. Lett. 103 (2009) 171801, JHEP 07 (2012) 133 

p-value = 11% assuming AI = 0 

B → Kµ+µ− LHCb-PAPER-2014-006 
arXiv:1403.8044v3 

Ø  Isospin asymmetry is determined from measured branching fractions: 

p-value = 80% assuming AI = 0 

supersedes previous LHCb result ( quoted 4.4σ difference to zero ) 
−>inclusion of 2012 dataset, updated reconstruction and selection, changes in test statistics  
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Lepton universality  
Ratio of branching fractions of  
B+ −> K+ µµ and B+ −> K+ ee: 
 
Ø  Lepton universality in SM −> RK predicted to be 1 in SM within O(10-3) 

JHEP 12 (2007) 040, Phys. Rev. Lett. 111 (2013) 162002 

 
Ø  First measurement of LHCb, uses full 3fb-1 dataset  - in 1 < q2 < 6 GeV2/c4 
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RK =
Γ(B+

→K+µ+µ−)
Γ(B+→K+e+e−)

B+ −> K+ µµ B+ −> K+ ee 
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Ø  RK measured as ratio of relative branching fractions  between B+ −> K+ ll and B+ −> J/Ψ K+  
     −> cancellation of systematic uncertainties 
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Lepton universality  
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Figure 1: Invariant mass of B+!K+⇡+⇡�µ+µ� candidates in bins of q2. The signal component
is modelled by the sum of two Gaussian functions, each with a power law tail at low mass. The
background component is modelled by an exponential function. In the q2 ranges 4.30 < q2 <
8.68GeV2/c4, 10.09 < q2 < 12.86GeV2/c4 and 14.18 < q2 < 19.00GeV2/c4 scaling factors are
applied to account for the vetoes of the radiative tails of the charmonium resonances, resulting
in steps in the background mass shape.

Here, N
sig

is the yield of the signal channel in the given q2 bin and N
norm

the yield147

of the normalisation channel. The e�ciencies for the reconstruction and selection of148

the signal and normalisation channel are denoted by ✏
sig

and ✏
norm

, respectively. The149

e�ciency for the signal decay is determined using simulated B+! K+

1

(1270)µ+µ� events150

generated according to Ref. [4], a separate e�ciency ratio is calculated for each q2 bin.151

The branching fraction for the  (2S) to decay to the final state ⇡+⇡�µ+µ� is B( (2S) !152

5

Nsig = 367
+23
−23
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Figure 5: Fits to the invariant m(�K+µ+µ�) distributions for (a) B+ ! �K+µ+µ� and
(b) B+! J/ �K+ decays. The yields are determined to be 25.2+6.0

�5.3

and 1908± 63, respectively.

the data-driven corrections, as described in Sec. 2, is determined to be 1% in total. The236

limited size of the simulated samples available to calculate the e�ciency ratio introduces237

an uncertainty of around 1.5%. Imperfect modelling of the hardware trigger is corrected238

for in the same way as for the measurement of B(B+!K+⇡+⇡�µ+µ�), Sec. 4. It results239

in a systematic uncertainty of 1.5%.240

The e�ciency ratio ✏
norm

/✏
sig

(q2) is determined using simulated B+ ! �K+µ+µ� events241

generated according to a phase space model. The uncertainty due to the q2 distribution in242

the bins is conservatively evaluated by reweighting simulated events to the q2 distribution243

of B+ ! K+

1

(1270)µ+µ� decays. This leads to a systematic uncertainty of 1.5%.244

6 Conclusions245

First observations of the rare b ! s FCNC decays B+!K+⇡+⇡�µ+µ� and B+ !246

�K+µ+µ� are presented. Their branching fractions are measured to be247

B(B+ ! K+⇡+⇡�µ+µ�) =
�
4.36 +0.29

�0.27

(stat)± 0.20 (syst)± 0.18 (norm)
�
⇥ 10�7 and

B(B+ ! �K+µ+µ�) =
�
8.22 +1.88

�1.67

(stat)± 0.35 (syst)± 2.74 (norm)
�
⇥ 10�8.

Accounting for the branching fraction B(K+

1

(1270)! K+⇡+⇡�) = (35.7± 3.7)% [13] the248

measured branching fraction for the decay B+!K+⇡+⇡�µ+µ� is lower than, but compati-249

ble with, the prediction B(B+! K+

1

(1270)µ+µ�) = (2.3 +1.3

�1.0

+0.0

�0.2

)⇥10�6 [15]. For the decay250

B+!K+⇡+⇡�µ+µ�, the di↵erential branching fraction dB(B+!K+⇡+⇡�µ+µ�)/dq2 is251

also determined as a function of q2, as shown in Fig. 3 and Table 1. Although the detailed252

resonance strucure of the K+⇡+⇡� system for the K+⇡+⇡�µ+µ� final state is not resolved253

due to the low signal yield observed, the data integrated over the full q2 range considered254

are consistent with several broad, overlapping resonances.255
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B+−> Φ K+ µ+ µ- Nsig = 25.2
+6.0
−5.3

= (8.22+1.88
−1.67(stat)±0.35(syst)±2.47(norm))·10−8

B(B+ → φK+µ+µ−)

B(B+ → K+π+π−µ+µ−) = (4.36+0.29
−0.27(stat)±0.20(syst)±0.18(norm))·10−7

B+ −> K+ π+ π- µ+ µ-  



Summary and Outlook  

Electroweak penguins are an excellent way for indirect NP searches 
 
 
LHCb is a unique ground to study these decays: 
 
Ø  a lot of different EW penguin decays have been investigated  
Ø  plenty of interesting results ( not all presented today ) 

 angular observables, CP asymmetries, branching fractions, … 
 
 
−> In general good agreement with SM, but some small tensions:  
      branching fractions, arXiv:1403.8044v3,   
      P5

’ of B0 −> K* µµ, Phys. Rev. Lett. 111 (2013) 191801  
 
 
More to come… 
-  Angular analysis of B0 −> K* µµ  with 3fb-1 

-  … 
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Stay tuned… 
penguins are always  
good for surprises! 
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Figure 2: Invariant mass distributions of K+⇡�µ+µ� candidates in the six q2 bins used in the
analysis. The candidates have been weighted to account for the detector acceptance (see text).
Contributions from exclusive (peaking) backgrounds are negligible after applying the vetoes
described in Sec. 4.

and B0! K⇤0J/ backgrounds are fixed with respect to the fitted B0! K⇤0µ+µ� signal
yield according to the ratios described in Sec. 4. These backgrounds are varied to evaluate
the corresponding systematic uncertainty. The resulting signal yields are given in Table 1.
In the full 0.1 < q2 < 19.0GeV2/c4 range, the fit yields 883± 34 signal decays.

The di↵erential branching fraction of the decay B0 ! K⇤0µ+µ�, in each q2 bin, is
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analysis. The candidates have been weighted to account for the detector acceptance (see text).
Contributions from exclusive (peaking) backgrounds are negligible after applying the vetoes
described in Sec. 4.

and B0! K⇤0J/ backgrounds are fixed with respect to the fitted B0! K⇤0µ+µ� signal
yield according to the ratios described in Sec. 4. These backgrounds are varied to evaluate
the corresponding systematic uncertainty. The resulting signal yields are given in Table 1.
In the full 0.1 < q2 < 19.0GeV2/c4 range, the fit yields 883± 34 signal decays.

The di↵erential branching fraction of the decay B0 ! K⇤0µ+µ�, in each q2 bin, is
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analysis. The candidates have been weighted to account for the detector acceptance (see text).
Contributions from exclusive (peaking) backgrounds are negligible after applying the vetoes
described in Sec. 4.

and B0! K⇤0J/ backgrounds are fixed with respect to the fitted B0! K⇤0µ+µ� signal
yield according to the ratios described in Sec. 4. These backgrounds are varied to evaluate
the corresponding systematic uncertainty. The resulting signal yields are given in Table 1.
In the full 0.1 < q2 < 19.0GeV2/c4 range, the fit yields 883± 34 signal decays.

The di↵erential branching fraction of the decay B0 ! K⇤0µ+µ�, in each q2 bin, is
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and B0! K⇤0J/ backgrounds are fixed with respect to the fitted B0! K⇤0µ+µ� signal
yield according to the ratios described in Sec. 4. These backgrounds are varied to evaluate
the corresponding systematic uncertainty. The resulting signal yields are given in Table 1.
In the full 0.1 < q2 < 19.0GeV2/c4 range, the fit yields 883± 34 signal decays.
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Differential branching fraction: 

dB
dq2

=
1

q2
max

� q2
min

N
sig

N
K

⇤0
J/ 

"
K

⇤0
J/ 

"
K

⇤0
µ

+

µ

�
⇥ B(B0! K⇤0J/ )⇥ B(J/ ! µ+µ�) . (5)

The branching fractions B(B0! K⇤0J/ ) and B(J/ ! µ+µ�) are (1.31± 0.03± 0.08)⇥
10�3 [24] and (5.93± 0.06)⇥ 10�2 [23], respectively.

The e�ciency ratio, "
K

⇤0
J/ 

/"
K

⇤0
µ

+

µ

� , depends on the unknown angular distribution of
the B0! K⇤0µ+µ� decay. To avoid making any assumption on the angular distribution,
the event-by-event weights described in Sec. 5 are used to estimate the average e�ciency
of the B0! K⇤0J/ candidates and the signal candidates in each q2 bin.

6.1 Comparison with theory

The resulting di↵erential branching fraction of the decay B0! K⇤0µ+µ� is shown in Fig. 3
and in Table 1. The bands shown in Fig. 3 indicate the theoretical prediction for the
di↵erential branching fraction. The calculation of the bands is described in Ref. [25].2

In the low q2 region, the calculations are based on QCD factorisation and soft collinear
e↵ective theory (SCET) [27], which profit from having a heavy B0 meson and an energetic
K⇤0 meson. In the soft-recoil, high q2 region, an operator product expansion in inverse
b-quark mass (1/m

b

) and 1/
p

q2 is used to estimate the long-distance contributions from
quark loops [28, 29]. No theory prediction is included in the region close to the narrow cc
resonances (the J/ and  (2S)) where the assumptions from QCD factorisation, SCET
and the operator product expansion break down. The treatment of this region is discussed
in Ref. [30]. The form-factor calculations are taken from Ref. [31]. A dimensional estimate
is made of the uncertainty on the decay amplitudes from QCD factorisation and SCET of
O(⇤

QCD

/m
b

) [32]. Contributions from light-quark resonances at large recoil (low q2) have
been neglected. A discussion of these contributions can be found in Ref. [33]. The same
techniques are employed in calculations of the angular observables described in Sec. 7.

6.2 Systematic uncertainty

The largest sources of systematic uncertainty on the B0! K⇤0µ+µ� di↵erential branching
fraction come from the ⇠ 6% uncertainty on the combined B0! K⇤0J/ and J/ ! µ+µ�

branching fractions and from the uncertainty on the pollution of non-K⇤0 decays in the
792 < m(K+⇡�) < 992MeV/c2 mass window. The latter pollution arises from decays
where the K+⇡� system is in an S- rather than P-wave configuration. For the decay
B0 ! K⇤0J/ , the S-wave pollution is known to be at the level of a few percent [34].
The e↵ect of S-wave pollution on the decay B0 ! K⇤0µ+µ� is considered in Sec. 7.3.2.
No S-wave correction needs to be applied to the yield of B0 ! K⇤0J/ decays in the
present analysis, since the branching fraction used in the normalisation (from Ref. [24])

2A consistent set of SM predictions, averaged over each q2 bin, have recently also been provided by the
authors of Ref. [26].
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Table 1: Signal yield (N
sig

) and di↵erential branching fraction (dB/dq2) of the B0! K⇤0µ+µ�

decay in the six q2 bins used in this analysis. Results are also presented in the 1 < q2 < 6GeV2/c4

range where theoretical uncertainties are best controlled. The first and second uncertainties are
statistical and systematic. The third uncertainty comes from the uncertainty on the B0! K⇤0J/ 
and J/ ! µ+µ� branching fractions. The final uncertainty on dB/dq2 comes from an estimate
of the pollution from non-K⇤0 B0! K+⇡�µ+µ� decays in the 792 < m(K+⇡�) < 992MeV/c2

mass window (see Sec. 7.3.2).

q2 (GeV2/c4) N
sig

dB/dq2 (10�7 GeV�2c4)

0.10� 2.00 140± 13 0.60± 0.06± 0.05± 0.04 +0.00

�0.05

2.00� 4.30 73± 11 0.30± 0.03± 0.03± 0.02 +0.00

�0.02

4.30� 8.68 271± 19 0.49± 0.04± 0.04± 0.03 +0.00

�0.04

10.09� 12.86 168± 15 0.43± 0.04± 0.04± 0.03 +0.00

�0.03

14.18� 16.00 115± 12 0.56± 0.06± 0.04± 0.04 +0.00

�0.05

16.00� 19.00 116± 13 0.41± 0.04± 0.04± 0.03 +0.00

�0.03

1.00� 6.00 197± 17 0.34± 0.03± 0.04± 0.02 +0.00

�0.03

corresponds to a measurement of the decay B0 ! K+⇡�J/ over the same m(K+⇡�)
window used in this analysis.

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

]
-2

 G
eV

4 c × 
-7

 [1
0

2 q
/d

Bd

0

0.5

1

1.5

LHCb

Theory Binned
LHCb

Figure 3: Di↵erential branching fraction of the B0 ! K⇤0µ+µ� decay as a function of the
dimuon invariant mass squared. The data are overlaid with a SM prediction (see text) for the
decay (light-blue band). A rate average of the SM prediction across each q2 bin is indicated by
the dark (purple) rectangular regions. No SM prediction is included in the region close to the
narrow cc resonances.
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This expression involves the same set of observables that can be extracted from fits to the
one-dimensional angular projections.

At large recoil it is also advantageous to reformulate Eq. 4 in terms of the observables
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and ARe
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. These so called “transverse” observables only
depend on a subset of the decay amplitudes (with transverse polarisation of the K⇤0) and
are expected to come with reduced form-factor uncertainties [4, 9]. A first measurement of
A2

T

was performed by the CDF experiment [8].
This paper presents a measurement of the di↵erential branching fraction (dB/dq2),
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, F
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, S
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and A
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of the B0! K⇤0µ+µ� decay in six bins of q2. Measurements of the
transverse observables A2

T

and ARe

T

are also presented. The analysis is based on a dataset,
corresponding to 1.0 fb�1 of integrated luminosity, collected by the LHCb detector inp
s = 7TeV pp collisions in 2011. Section 2 describes the experimental setup used in the

analyses. Section 3 describes the event selection. Section 4 discusses potential sources of
peaking background. Section 5 describes the treatment of the detector acceptance in the
analysis. Section 6 discusses the measurement of dB/dq2. The angular analysis of the
decay, in terms of cos ✓

`

, cos ✓
K

and �̂, is described in Sec. 7. Finally, a first measurement
of the zero-crossing point of A

FB

is presented in Sec. 8.

2 The LHCb detector

The LHCb detector [10] is a single-arm forward spectrometer, covering the pseudorapidity
range 2 < ⌘ < 5, that is designed to study b and c hadron decays. A dipole magnet with a
bending power of 4Tm and a large area tracking detector provide momentum resolution
ranging from 0.4% for tracks with a momentum of 5GeV/c to 0.6% for a momentum
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Folding of angular distributions: 

Differential decay rate with reduced number of observables: 
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The uncertainty associated with the data-derived corrections to the simulation, which
were described in Sec. 2, is estimated to be 1 � 2%. Varying the level of the peaking
backgrounds within their uncertainties changes the di↵erential branching fraction by
1% and this variation is taken as a systematic uncertainty. In the simulation a small
variation in the K+⇡�µ+µ� invariant mass resolution is seen between B0! K⇤0J/ and
B0 ! K⇤0µ+µ� decays at low and high q2, due to di↵erences in the decay kinematics.
The maximum size of this variation in the simulation is 5%. A conservative systematic
uncertainty is assigned by varying the mass resolution of the signal decay by this amount
in every q2 bin and taking the deviation from the nominal fit as the uncertainty.

7 Angular analysis

This section describes the analysis of the cos ✓
`

, cos ✓
K

and �̂ distribution after applying
the transformations that were described earlier. These transformations reduce the full
angular distribution from 11 angular terms to one that only depends on four observables:
A

FB

, F
L

, S
3

and A
9

. The resulting angular distribution is given in Eq. 4 in Sec. 1.
In order for Eq. 4 to remain positive in all regions of the allowed phase space, the

observables A
FB

, F
L

, S
3

and A
9

must satisfy the constraints

|A
FB

|  3

4
(1� F

L

) , |A
9

|  1

2
(1� F

L

) and |S
3

|  1

2
(1� F

L

) .

These requirements are automatically taken into account if A
FB

and S
3

are replaced by
the theoretically cleaner transverse observables, ARe

T

and A2

T

,

A
FB

=
3

4
(1� F

L

)ARe

T

and S
3

=
1

2
(1� F

L

)A2

T

,

which are defined in the range [�1, 1].
In each of the q2 bins, A

FB

(ARe

T

), F
L

, S
3

(A2

T

) and A
9

are estimated by performing
an unbinned maximum likelihood fit to the cos ✓

`

, cos ✓
K

and �̂ distributions of the
B0 ! K⇤0µ+µ� candidates. The K+⇡�µ+µ� invariant mass of the candidates is also
included in the fit to separate between signal- and background-like candidates. The
background angular distribution is described using the product of three second-order
Chebychev polynomials under the assumption that the background can be factorised into
three single angle distributions. This assumption has been validated on the data sidebands
(5350 < m(K+⇡�µ+µ�) < 5600MeV/c2). A dilution factor (D = 1 � 2!) is included in
the likelihood fit for A

FB

and A
9

, to account at first order for the small probability (!) for
a decay B0! K⇤0µ+µ� to be misidentified as B0! K⇤0µ+µ�. The value of ! is fixed to
0.85% in the fit (see Sec. 4).

Two fits to the dataset are performed: one, with the signal angular distribution
described by Eq. 4, to measure F

L

, A
FB

, S
3

and A
9

and a second replacing A
FB

and S
3

with the observables ARe

T

and A2

T

. The angular observables vary with q2 within the q2 bins
used in the analysis. The measured quantities therefore correspond to averages over these
q2 bins. For the transverse observables, where the observable appears alongside 1� F

L

in

11

Constraints of observables to keep decay rate positive in allowed phase space:  
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Results of 
angular analysis: 

Table 2: Fraction of longitudinal polarisation of the K⇤0, F
L

, dimuon system forward-backward
asymmetry, A

FB

and the angular observables S
3

, S
9

and A
9

from the B0! K⇤0µ+µ� decay in
the six bins of dimuon invariant mass squared, q2, used in the analysis. The lower table includes
the transverse observables ARe

T

and A2

T

, which have reduced form-factor uncertainties. Results
are also presented in the 1 < q2 < 6GeV2/c4 range where theoretical uncertainties are best
controlled. In the large-recoil bin, 0.1 < q2 < 2.0GeV2/c4, two results are given to highlight
the size of the correction needed to account for changes in the angular distribution that occur
when q2 <⇠ 1GeV2/c4 (see Sec. 7.2). The value of F

L

is independent of this correction. The final
column contains the p-value for the SM point (see text). No SM prediction, and consequently no
p-value, is available for the 10.09 < q2 < 12.86GeV2/c4 range.

q2 (GeV2/c4) F
L

A
FB

S
3

S
9

0.10� 2.00 0.37 +0.10

�0.09

+0.04

�0.03

�0.02 +0.12

�0.12

+0.01

�0.01

�0.04 +0.10

�0.10

+0.01

�0.01

0.05 +0.10

�0.09

+0.01

�0.01

(uncorrected)

0.10� 2.00 0.37 +0.10

�0.09

+0.04

�0.03

�0.02 +0.13

�0.13

+0.01

�0.01

�0.05 +0.12

�0.12

+0.01

�0.01

0.06 +0.12

�0.12

+0.01

�0.01

(corrected)

2.00� 4.30 0.74 +0.10

�0.09

+0.02

�0.03

�0.20 +0.08

�0.08

+0.01

�0.01

�0.04 +0.10

�0.06

+0.01

�0.01

�0.03 +0.11

�0.04

+0.01

�0.01

4.30� 8.68 0.57 +0.07

�0.07

+0.03

�0.03

0.16 +0.06

�0.05

+0.01

�0.01

0.08 +0.07

�0.06

+0.01

�0.01

0.01 +0.07

�0.08

+0.01

�0.01

10.09� 12.86 0.48 +0.08

�0.09

+0.03

�0.03

0.28 +0.07

�0.06

+0.02

�0.02

�0.16 +0.11

�0.07

+0.01

�0.01

�0.01 +0.10

�0.11

+0.01

�0.01

14.18� 16.00 0.33 +0.08

�0.07

+0.02

�0.03

0.51 +0.07

�0.05

+0.02

�0.02

0.03 +0.09

�0.10

+0.01

�0.01

0.00 +0.09

�0.08

+0.01

�0.01

16.00� 19.00 0.38 +0.09

�0.07

+0.03

�0.03

0.30 +0.08

�0.08

+0.01

�0.02

�0.22 +0.10

�0.09

+0.02

�0.01

0.06 +0.11

�0.10

+0.01

�0.01

1.00� 6.00 0.65 +0.08

�0.07

+0.03

�0.03

�0.17 +0.06

�0.06

+0.01

�0.01

0.03 +0.07

�0.07

+0.01

�0.01

0.07 +0.09

�0.08

+0.01

�0.01

q2 (GeV2/c4) A
9

A2

T

ARe

T

p-value

0.10� 2.00 0.12 +0.09

�0.09

+0.01

�0.01

�0.14 +0.34

�0.30

+0.02

�0.02

�0.04 +0.26

�0.24

+0.02

�0.01

0.18

(uncorrected)

0.10� 2.00 0.14 +0.11

�0.11

+0.01

�0.01

�0.19 +0.40

�0.35

+0.02

�0.02

�0.06 +0.29

�0.27

+0.02

�0.01

–

(corrected)

2.00� 4.30 0.06 +0.12

�0.08

+0.01

�0.01

�0.29 +0.65

�0.46

+0.02

�0.03

�1.00 +0.13

�0.00

+0.04

�0.00

0.57

4.30� 8.68 �0.13 +0.07

�0.07

+0.01

�0.01

0.36 +0.30

�0.31

+0.03

�0.03

0.50 +0.16

�0.14

+0.01

�0.03

0.71

10.09� 12.86 0.00 +0.11

�0.11

+0.01

�0.01

�0.60 +0.42

�0.27

+0.05

�0.02

0.71 +0.15

�0.15

+0.01

�0.03

–

14.18� 16.00 �0.06 +0.11

�0.08

+0.01

�0.01

0.07 +0.26

�0.28

+0.02

�0.02

1.00 +0.00

�0.05

+0.00

�0.02

0.38

16.00� 19.00 0.00 +0.11

�0.10

+0.01

�0.01

�0.71 +0.35

�0.26

+0.06

�0.04

0.64 +0.15

�0.15

+0.01

�0.02

0.28

1.00� 6.00 0.03 +0.08

�0.08

+0.01

�0.01

0.15 +0.39

�0.41

+0.03

�0.03

�0.66 +0.24

�0.22

+0.04

�0.01

0.72
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Figure 4: Fraction of longitudinal polarisation of the K⇤0, F
L

, dimuon system forward-backward
asymmetry, A

FB

and the angular observables S
3

and A
9

from the B0! K⇤0µ+µ� decay as a
function of the dimuon invariant mass squared, q2. The lowest q2 bin has been corrected for
the threshold behaviour described in Sec. 7.2. The experimental data points overlay the SM
prediction described in the text. A rate average of the SM prediction across each q2 bin is
indicated by the dark (purple) rectangular regions. No theory prediction is included for A

9

,
which is vanishingly small in the SM.

7.2 Angular distribution at large recoil

In the previous section, when fitting the angular distribution, it was assumed that the
muon mass was small compared to that of the dimuon system. Whilst this assumption is
valid for q2 > 2GeV2/c4, it breaks down in the 0.1 < q2 < 2.0GeV2/c4 bin. In this bin,
the angular terms receive an additional q2 dependence, proportional to

1� 4m2

µ

/q2

1 + 2m2

µ

/q2
or

(1� 4m2

µ

/q2)1/2

1 + 2m2

µ

/q2
, (6)

depending on the angular term I
j

[1].
As q2 tends to zero, these threshold terms become small and reduce the sensitivity

to the angular observables. Neglecting these terms leads to a bias in the measurement
of the angular observables. Previous analyses by LHCb, BaBar, Belle and CDF have not
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Results of angular analysis: 

Table 3: Systematic contributions to the angular observables. The values given are the magnitude
of the maximum contribution from each source of systematic uncertainty, taken across the six
principal q2 bins used in the analysis.

Source A
FB

F
L

S
3

S
9

A
9

A2

T

ARe

T

Acceptance model 0.02 0.03 0.01 < 0.01 < 0.01 0.02 0.01
Mass model < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

B0 ! B0 mis-id < 0.01 < 0.01 < 0.01 < 0.01 0.01 < 0.01 < 0.01
Data-simulation di↵. 0.01 0.03 0.01 < 0.01 < 0.01 0.03 0.01

Kinematic reweighting < 0.01 0.01 < 0.01 < 0.01 < 0.01 0.01 < 0.01
Peaking backgrounds 0.01 0.01 0.01 0.01 0.01 0.01 0.01

S-wave 0.01 0.01 0.02 0.01 < 0.01 0.05 0.04
B0-B0 asymmetries < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

extreme modifications of the background model and are not considered further as sources
of systematic uncertainty.

The angular distributions of the decays B0

s

! �µ+µ� and B0

s

! K⇤0µ+µ� are both
poorly known. The decay B0

s

! K⇤0µ+µ� is yet to be observed. A first measurement of
B0

s

! �µ+µ� has been made in Ref. [39]. In the likelihood fit to the angular distribution
these backgrounds are neglected. A conservative systematic uncertainty on the angular
observables is assigned at the level of <⇠ 0.01 by assuming that the peaking backgrounds
have an identical shape to the signal, but have an angular distribution in which each of
the observables is either maximal or minimal.

Systematic variations are also considered for the data-derived corrections to the
simulated events. For example, the muon identification e�ciency, which is derived from
data using a tag-and-probe approach with J/ decays, is varied within its uncertainty
in opposite direction for high (p > 10GeV/c) and low (p < 10GeV/c) momentum muons.
Similar variations are applied to the other data-derived corrections, yielding a combined
systematic uncertainty at the level of 0.01�0.02 on the angular observables. The correction
needed to account for di↵erences between data and simulation in the B0 momentum
spectrum is small. If this correction is neglected, the angular observables vary by at most
0.01. This variation is associated as a systematic uncertainty.

The systematic uncertainties arising from the variations of the angular acceptance are
assessed using pseudo-experiments that are generated with one acceptance model and
fitted according to a di↵erent model. Consistent results are achieved by varying the event
weights applied to the data and repeating the likelihood fit.

A summary of the di↵erent contributions to the total systematic uncertainty can be
found in Table 3. The systematic uncertainty on the angular observables in Table 2 is the
result of adding these contributions in quadrature.
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Figure 5: Transverse asymmetries A2

T

and ARe

T

as a function of the dimuon invariant mass
squared, q2, in the B0! K⇤0µ+µ� decay. The lowest q2 bin has been corrected for the threshold
behaviour described in Sec. 7.2. The experimental data points overlay the SM prediction that is
described in the text. A rate average of the SM prediction across each q2 bin is indicated by the
dark (purple) rectangular regions.

considered this e↵ect.
The fraction of longitudinal polarisation of the K⇤0 meson, F

L

, is the only observable
that is una↵ected by the additional terms; sensitivity to F

L

arises mainly through the
shape of the cos ✓

K

distribution and this shape remains the same whether the threshold
terms are included or not.

In order to estimate the size of the bias, it is assumed that A
9

and A2

T

are constant over
the 0.1 < q2 < 2GeV2/c4 region and ARe

T

rises linearly (with the constraint that ARe

T

= 0
at q2 = 0). Even though F

L

is in itself unbiased, an assumption needs to be made about
the q2 dependence of F

L

when determining the bias introduced on the other observables.
An empirical model,

F
L

(q2) =
aq2

1 + aq2
, (7)

is used. This functional form displays the correct behaviour since it tends to zero as q2

tends to zero and rises slowly over the q2 bin, reflecting the dominance of the photon
penguin at low q2 and the transverse polarisation of the photon.

The coe�cient a = 0.67 +0.54

�0.30

is estimated by assigning each (background subtracted)
signal candidate a value of F

L

according to Eq. 7, averaging F
L

over the candidates
in the q2 bin and comparing this to the value that is obtained from the fit to the
0.1 < q2 < 2.0GeV2/c4 region (in Table 2). Di↵erent values of the coe�cient a are tried
until the two estimates agree.

To remain model independent, the bias on the angular observables is similarly estimated
by summing over the observed candidates. A concrete example of how this is done is given
in Appendix B for the observable A2

T

. The typical size of the correction is 10� 20%. The
values of the angular observables, after correcting for the bias, are included in Table 2. A

15

Systematic uncertainties: 

The uncertainty associated with the data-derived corrections to the simulation, which
were described in Sec. 2, is estimated to be 1 � 2%. Varying the level of the peaking
backgrounds within their uncertainties changes the di↵erential branching fraction by
1% and this variation is taken as a systematic uncertainty. In the simulation a small
variation in the K+⇡�µ+µ� invariant mass resolution is seen between B0! K⇤0J/ and
B0 ! K⇤0µ+µ� decays at low and high q2, due to di↵erences in the decay kinematics.
The maximum size of this variation in the simulation is 5%. A conservative systematic
uncertainty is assigned by varying the mass resolution of the signal decay by this amount
in every q2 bin and taking the deviation from the nominal fit as the uncertainty.

7 Angular analysis

This section describes the analysis of the cos ✓
`

, cos ✓
K

and �̂ distribution after applying
the transformations that were described earlier. These transformations reduce the full
angular distribution from 11 angular terms to one that only depends on four observables:
A

FB

, F
L

, S
3

and A
9

. The resulting angular distribution is given in Eq. 4 in Sec. 1.
In order for Eq. 4 to remain positive in all regions of the allowed phase space, the

observables A
FB

, F
L

, S
3

and A
9

must satisfy the constraints

|A
FB

|  3

4
(1� F

L

) , |A
9

|  1

2
(1� F

L

) and |S
3

|  1

2
(1� F

L

) .

These requirements are automatically taken into account if A
FB

and S
3

are replaced by
the theoretically cleaner transverse observables, ARe

T

and A2

T

,

A
FB

=
3

4
(1� F

L

)ARe

T

and S
3

=
1

2
(1� F

L

)A2

T

,

which are defined in the range [�1, 1].
In each of the q2 bins, A

FB

(ARe

T

), F
L

, S
3

(A2

T

) and A
9

are estimated by performing
an unbinned maximum likelihood fit to the cos ✓

`

, cos ✓
K

and �̂ distributions of the
B0 ! K⇤0µ+µ� candidates. The K+⇡�µ+µ� invariant mass of the candidates is also
included in the fit to separate between signal- and background-like candidates. The
background angular distribution is described using the product of three second-order
Chebychev polynomials under the assumption that the background can be factorised into
three single angle distributions. This assumption has been validated on the data sidebands
(5350 < m(K+⇡�µ+µ�) < 5600MeV/c2). A dilution factor (D = 1 � 2!) is included in
the likelihood fit for A

FB

and A
9

, to account at first order for the small probability (!) for
a decay B0! K⇤0µ+µ� to be misidentified as B0! K⇤0µ+µ�. The value of ! is fixed to
0.85% in the fit (see Sec. 4).

Two fits to the dataset are performed: one, with the signal angular distribution
described by Eq. 4, to measure F

L

, A
FB

, S
3

and A
9

and a second replacing A
FB

and S
3

with the observables ARe

T

and A2

T

. The angular observables vary with q2 within the q2 bins
used in the analysis. The measured quantities therefore correspond to averages over these
q2 bins. For the transverse observables, where the observable appears alongside 1� F

L

in

11
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Determination of zero-crossing point: 

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 [44]. 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 [45–47] and have relative uncertainties below the 10% level, for example,
q2
0

= 4.36 +0.33

�0.31

GeV2/c4 [46].
The systematic uncertainty on the zero-crossing point of the forward-backward asym-

metry is negligible compared to the statistical uncertainty. To generate a large systematic
bias, it would be necessary to create an asymmetric acceptance e↵ect in cos ✓

`

that is not
canceled when combining B0 and B0 decays. The combined systematic uncertainty is at
the level of ±0.05GeV2/c4.
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Figure 6: Dimuon invariant mass squared, q2, distribution of forward-going (left) and
backward-going (right) candidates in the K+⇡�µ+µ� invariant mass window 5230 <
m(K+⇡�µ+µ�) < 5330MeV/c2. The polynomial fit to the signal and background distribu-
tions in q2 is overlaid.

9 Conclusions

In summary, using a data sample corresponding to 1.0 fb�1 of integrated luminosity,
collected by the LHCb experiment in 2011, the di↵erential branching fraction, dB/dq2, of
the decay B0! K⇤0µ+µ� has been measured in bins of q2. Measurements of the angular
observables, A

FB

(ARe

T

), F
L

, S
3

(A2

T

) and A
9

have also been performed in the same q2 bins.
The complete set of results obtained in this paper are provided in Tables 1 and 2.

These are the most precise measurements of dB/dq2 and the angular observables to date.
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imaginary components of the S-wave amplitude (and F
S

).4

For a small S-wave amplitude, the pure S-wave contribution, F
S

, to Eq. 9 has only a
small e↵ect on the angular distribution. The magnitude of A

S

arising from the interference
between the S- and P-wave can however still be sizable and this information is exploited
by this phase-shift method. The method, described above, is statistically more precise
than fitting Eq. 9 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
fraction 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 Fig. 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)
. (10)

4In the decay B0! K⇤0µ+µ� there are actually two pairs of amplitudes involved, left- and right-handed
longitudinal amplitudes and left- and right-handed S-wave amplitudes (where the handedness refers to
the chirality of the dimuon system). In order to exploit the interference and determine FS it is assumed
that the phase di↵erence between the two left-handed amplitudes is the same as the di↵erence between
the two right-handed amplitudes, as expected from the expression for the amplitudes in Refs. [40, 41].
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B0
s

! �(! K+K�)µ+µ� decays is removed by
assigning the kaon mass hypothesis to the pion
candidate and rejecting events for which the
resulting invariant mass K+K� is consistent
with the � mass. A similar veto is applied to
remove ⇤0

b

! ⇤(1520)(! pK�)µ+µ� events.
After these vetoes, the remaining peaking back-
ground is estimated to be negligibly small. It
has been verified with the simulation that these
vetos do not bias the angular observables. In
total, 883 signal candidates are observed in the
range 0.1 < q2 < 19.0GeV2/c4, with a signal
over background ratio of about 5.
Detector acceptance e↵ects are accounted for

by weighting the candidates with the inverse of
their e�ciency. The e�ciency is determined as
a function of the three angles and q2 by using a
large sample of simulated events and assuming
factorization in the three angles. Possible non-
factorizable acceptance e↵ects are evaluated
and included in the systematic uncertainties.
Several control channels, in particular the de-
cay B0 ! J/ K⇤0, which has the same final
state as the signal, are used to verify the agree-
ment between data and simulation.
Due to the limited number of signal candi-

dates in this dataset, we do not fit the data
to the full di↵erential distribution of Eq. 1.
In Ref. [7], the data were “folded” at � = 0
(� ! � + ⇡ for � < 0) to reduce the number
of parameters in the fit, while cancelling the
terms containing sin� and cos�. Here, similar
folding techniques are applied to specific re-
gions of the three-dimensional angular space to
exploit the (anti)-symmetries of the di↵erential
decay rate with respect to combinations of an-
gular variables. This simplifies the di↵erential
decay rate without losing experimental sensitiv-
ity. This technique is discussed in more detail
in Ref. [24]. The following sets of transforma-
tions are used to determine the observables of

interest

P 0
4, S4:

8
><

>:

�! �� for � < 0

�! ⇡ � � for ✓
`

> ⇡/2

✓
`

! ⇡ � ✓
`

for ✓
`

> ⇡/2,

(3)

P 0
5, S5:

(
�! �� for � < 0

✓
`

! ⇡ � ✓
`

for ✓
`

> ⇡/2,
(4)

P 0
6, S7:

8
><

>:

�! ⇡ � � for � > ⇡/2

�! �⇡ � � for � < �⇡/2
✓
`

! ⇡ � ✓
`

for ✓
`

> ⇡/2,

(5)

P 0
8, S8:

8
>>><

>>>:

�! ⇡ � � for � > ⇡/2

�! �⇡ � � for � < �⇡/2
✓
K

! ⇡ � ✓
K

for ✓
`

> ⇡/2

✓
`

! ⇡ � ✓
`

for ✓
`

> ⇡/2.

(6)

Each transformation preserves the first five
terms and the corresponding S

i

term in Eq. 1,
and cancels the other angular terms. Thus, the
resulting angular distributions depend only on
FL, S3 and one of the observables S4,5,7,8.
Four independent likelihood fits to the B0

invariant mass and the transformed angular
distributions are performed to extract the ob-
servables P 0

i

and S
i

. The signal invariant mass
shape is parametrized with the sum of two Crys-
tal Ball functions [25], where the parameters
are extracted from the fit to B0 ! J/ K⇤0

decays in data. The background invariant
mass shape is parametrized with an exponen-
tial function, while its angular distribution
is parametrized with the direct product of
three second-order polynomials, dependent on
�, cos ✓

K

and cos ✓
`

. The angular observables
FL and S3 are allowed to vary in the angular fit
and are treated as nuisance parameters in this
analysis. Their fit values agree with Ref. [7].

3
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Transformation of angular distributions:  
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Table 1: Measurement of the observables P 0
4,5,6,8 and S4,5,7,8 in the six q2 bins of the analysis. For the

observables P 0
i

the measurement in the q2-bin 1.0 < q2 < 6.0 GeV2/c4, which is the theoretically preferred
region at large recoil, is also reported. The first uncertainty is statistical and the second is systematic.

q2[ GeV2/c4 ] P 0
4 P 0

5 P 0
6 P 0

8

0.10 � 2.00 0.00+0.26
�0.26 ± 0.03 0.45+0.19

�0.22 ± 0.09 �0.24+0.19
�0.22 ± 0.05 �0.06+0.28

�0.28 ± 0.02

2.00 � 4.30 �0.37+0.29
�0.26 ± 0.08 0.29+0.39

�0.38 ± 0.07 0.15+0.36
�0.38 ± 0.05 �0.15+0.29

�0.28 ± 0.07

4.30 � 8.68 �0.59+0.15
�0.12 ± 0.05 �0.19+0.16

�0.16 ± 0.03 �0.04+0.15
�0.15 ± 0.05 0.29+0.17

�0.19 ± 0.03

10.09 � 12.90 �0.46+0.20
�0.17 ± 0.03 �0.79+0.16

�0.19 ± 0.19 �0.31+0.23
�0.22 ± 0.05 �0.06+0.23

�0.22 ± 0.02

14.18 � 16.00 0.09+0.35
�0.27 ± 0.04 �0.79+0.20

�0.13 ± 0.18 �0.18+0.25
�0.24 ± 0.03 �0.20+0.30

�0.25 ± 0.03

16.00 � 19.00 �0.35+0.26
�0.22 ± 0.03 �0.60+0.19

�0.16 ± 0.09 0.31+0.38
�0.37 ± 0.10 0.06+0.26

�0.27 ± 0.03

1.00 � 6.00 �0.29+0.18
�0.16 ± 0.03 0.21+0.20

�0.21 ± 0.03 �0.18+0.21
�0.21 ± 0.03 0.23+0.18

�0.19 ± 0.02

q2[ GeV2/c4 ] S4 S5 S7 S8

0.10 � 2.00 0.00+0.12
�0.12 ± 0.03 0.22+0.09

�0.10 ± 0.04 �0.11+0.11
�0.11 ± 0.03 �0.03+0.13

�0.12 ± 0.01

2.00 � 4.30 �0.14+0.13
�0.12 ± 0.03 0.11+0.14

�0.13 ± 0.03 0.06+0.15
�0.15 ± 0.02 �0.06+0.12

�0.12 ± 0.02

4.30 � 8.68 �0.29+0.06
�0.06 ± 0.02 �0.09+0.08

�0.08 ± 0.01 �0.02+0.07
�0.08 ± 0.04 0.15+0.08

�0.08 ± 0.01

10.09 � 12.90 �0.23+0.09
�0.08 ± 0.02 �0.40+0.08

�0.10 ± 0.10 �0.16+0.11
�0.12 ± 0.03 �0.03+0.10

�0.10 ± 0.01

14.18 � 16.00 0.04+0.14
�0.08 ± 0.01 �0.38+0.10

�0.09 ± 0.09 �0.09+0.13
�0.14 ± 0.01 �0.10+0.13

�0.12 ± 0.02

16.00 � 19.00 �0.17+0.11
�0.09 ± 0.01 �0.29+0.09

�0.08 ± 0.04 0.15+0.16
�0.15 ± 0.03 0.03+0.12

�0.12 ± 0.02

across the whole q2 region.
In general, the measurements agree with SM

expectations [11], apart from a sizeable discrep-
ancy in the interval 4.30 < q2 < 8.68GeV2/c4

for the observable P 0
5. The p-value, calcu-

lated using pseudo-experiments, with respect
to the upper bound of the theoretical predic-
tions given in Ref. [11], for the observed devia-
tion is 0.02%, corresponding to 3.7 Gaussian
standard deviations (�). If we consider the 24
measurements as independent, the probabil-
ity that at least one varies from the expected
value by 3.7 � or more is approximately 0.5%.
A discrepancy of 2.5 � is observed integrating
over the region 1.0 < q2 < 6.0GeV2/c4 (see Ta-

ble 1), which is considered the most robust
region for theoretical predictions at large re-
coil. The discrepancy is also observed in the
observable S5. The value of S5 quantifies the
asymmetry between decays with positive and
negative value of cos ✓

K

for |�| < ⇡/2, averaged
with the opposite asymmetry of events with
|�| > ⇡/2 [1]. As a cross check, this asymmetry
was also determined from a counting analysis.
The result is consistent with the value for S5

determined from the fit. It is worth noting that
the predictions for the first two q2-bins and for
the region 1.0 < q2 < 6.0GeV2/c4 are also cal-
culated in Ref. [28], where power corrections
to the QCD factorization framework and reso-
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Table 1: Values of A
CP

in B0 ! K⇤0µ+µ� decays in each of the 14 q2 bins used in the analysis.

q

2 bin [ GeV2
/c

4 ] yield A
CP

stat. error syst. error
0.10�0.98 304±18 �0.007 0.060 0.006
1.10�2.00 105±11 �0.175 0.106 0.009
2.00�3.00 120±13 �0.145 0.102 0.008
3.00�4.00 101±12 �0.012 0.113 0.014
4.00�5.00 120±13 �0.075 0.106 0.012
5.00�6.00 143±13 �0.029 0.097 0.009
6.00�7.00 144±14 0.021 0.095 0.008
7.00�8.00 177±15 0.100 0.087 0.006
11.0�11.8 144±14 �0.020 0.093 0.007
11.8�12.5 147±14 0.032 0.093 0.022
15.0�16.0 205±16 �0.124 0.075 0.009
16.0�17.0 216±16 �0.001 0.074 0.010
17.0�18.0 169±14 �0.058 0.085 0.009
18.0�19.0 105±11 �0.053 0.108 0.016
0.10�19.0 2190±52 �0.034 0.024 0.003

where the third uncertainty is due to the PDG value of the uncertainty on A
CP

(B+ !209

J/ K

+). The results in each q

2 bin are shown in Tables 1 and 2, and Figs. 3 and 4, for210

B

0 ! K

⇤0
µ

+
µ

� and B

+ ! K

+
µ

+
µ

�, respectively. Both of these results are consistent211

with the SM prediction, and the uncertainty on the measurements are almost a factor212

of two smaller than the PDG averages, which are dominated by the previous LHCb213

measurements.214
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Table 2: Values of A
CP

in B+ ! K+µ+µ� decays in each of the 17 q2 bins used in the analysis.

q

2 bin [ GeV2
/c

4 ] yield A
CP

stat. error syst. error
0.10�0.98 387±22 0.089 0.057 0.001
1.10�2.00 277±19 �0.003 0.068 0.002
2.00�3.00 367±22 0.043 0.059 0.001
3.00�4.00 334±21 �0.033 0.063 0.001
4.00�5.00 307±20 �0.020 0.064 0.001
5.00�6.00 332±21 0.032 0.062 0.002
6.00�7.00 355±22 0.027 0.060 0.001
7.00�8.00 371±22 0.042 0.059 0.002
11.0�11.8 232±18 �0.046 0.076 0.002
11.8�12.5 247±17 0.019 0.070 0.002
15.0�16.0 287±19 0.121 0.065 0.004
16.0�17.0 287±19 0.029 0.066 0.001
17.0�18.0 349±21 �0.029 0.058 0.001
18.0�19.0 222±17 �0.060 0.074 0.003
19.0�20.0 121±13 �0.047 0.105 0.003
20.0�21.0 95±12 �0.011 0.120 0.003
21.0�22.0 50±8 �0.289 0.161 0.004
0.10�22.0 4630±78 0.013 0.017 0.001

Labex ENIGMASS and OCEVU, Région Auvergne (France), RFBR (Russia), XuntaGal230

and GENCAT (Spain), Royal Society and Royal Commission for the Exhibition of 1851231
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Table 1: Observed yields of the four signal channels summed over the q2 bins, excluding the
charmonium resonance regions. Only the statistical uncertainties are shown.

Decay mode Signal yield

B+! K+µ+µ� 4746± 81

B0! K0

Sµ
+µ� 176± 17

B+! K⇤+(! K0

S⇡
+)µ+µ� 162± 16

B0! K⇤0(! K+⇡�)µ+µ� 2361± 56
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Figure 1: Reconstructed B candidate mass for the four signal modes. The data are overlaid
with the result of the fit described in the text. The long and downstream K0

S categories are
combined. The results of the fits, performed in separate q2 bins, are merged for presentation
purposes. The blue (shaded) region is the combinatorial background.

made to the long and downstream categories. The mass fits for the four signal channels
are shown in Fig. 1, where the long and downstream K0

S categories are combined and the
results of the fits, performed in separate q2 bins, are merged for presentation purposes.
The corresponding number of signal candidates for each channel is given in Table 1.
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5 Branching fraction normalisation

Each signal mode is normalised with respect to its corresponding B! J/ K(⇤) channel,
where the J/ resonance decays into two muons. These normalisation channels have
branching fractions that are approximately two orders of magnitude higher than those
of the signal channels. Each normalisation channel has similar kinematic properties and
the same final-state particles as the signal modes. This results in an almost complete
cancellation of systematic uncertainties when measuring the ratio of branching fractions of
the signal mode with the corresponding normalisation channel. Separate normalisations for
the long and downstream K0

S reconstruction categories are used to further cancel potential
sources of systematic uncertainty.

Corrections to the IP resolution, PID variables and B candidate kinematic properties
are applied to the simulated events, such that the distributions of simulated candidates from
the normalisation channels agree with the data. The simulation samples are subsequently
used to calculate the relative e�ciencies as functions of q2. The q2 dependence arises
mainly from trigger e↵ects, where the muons have increased (decreased) p

T

at high (low)
q2 and consequently have a higher (lower) trigger e�ciency. Furthermore, at high q2, the
hadrons are almost at rest in the B meson rest frame and, like the B meson, points back
to the PV in the laboratory frame. The IP requirements applied on the hadron have a
lower e�ciency for this region of q2. The K0

S channels have an additional e↵ect due to the
di↵erent acceptance of the two reconstruction categories; K0

S mesons are more likely to be
reconstructed in the long category if they have low momentum, which favours the high q2

region. The momentum distributions of the K0

S mesons in B0! J/ K0

S and B+! J/ K⇤+

decays in data and simulation for both K0

S categories are in good agreement, indicating
that the acceptance is well described in the simulation.

The measured di↵erential branching fraction averaged over a q2 bin of width q2
max

�q2
min

is given by

dB
dq2

=
N(B! K(⇤)µ+µ�)

N(B! J/ K(⇤))
· "(B! J/ K(⇤))

"(B! K(⇤)µ+µ�)
· B(B! J/ K(⇤))B(J/ ! µ+µ�)

(q2
max

� q2
min

)
, (2)

where N(B! K(⇤)µ+µ�) is the number of signal candidates in the bin, N(B! J/ K(⇤))
is the number of normalisation candidates, the product of B(B! J/ K(⇤)) and
B(J/ ! µ+µ�) is the visible branching fraction of the normalisation channel, and
"(B! K(⇤)µ+µ�)/"(B! J/ K(⇤)) is the relative e�ciency between the signal and nor-
malisation channels in the bin.

6 Systematic uncertainties

The branching fraction measurements of the normalisation modes from the B-factory
experiments assume that the B+ and B0 mesons are produced with equal proportions at
the ⌥(4S) resonance [32–34]. In contrast, in this paper isospin symmetry is assumed for the
B! J/ K(⇤) decays, implying that the B+! J/ K+ (B+! J/ K⇤+) and B0! J/ K0

6
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(B0! J/ K⇤0) decays have the same partial width. The branching fractions used in the
normalisation are obtained by: taking the most precise branching fraction results from
Ref. [32] and translating them into partial widths; averaging the partial widths of the
K+, K0 and the K⇤+, K⇤0 modes, respectively; and finally translating the widths back
to branching fractions. The calculation only requires knowledge of the ratio of B0 and
B+ lifetimes for which we use 0.93 ± 0.01 [25]. Statistical uncertainties are treated as
uncorrelated while systematical uncertainties are conservatively treated as fully correlated.
The resulting branching fractions of the normalisation channels are

B(B+! J/ K+) = (0.998± 0.014± 0.040)⇥ 10�3,

B(B0! J/ K0) = (0.928± 0.013± 0.037)⇥ 10�3,

B(B+! J/ K⇤+) = (1.431± 0.027± 0.090)⇥ 10�3,

B(B0! J/ K⇤0) = (1.331± 0.025± 0.084)⇥ 10�3,

where the first uncertainty is statistical and the second systematic.
A systematic uncertainty is assigned to account for the imperfect knowledge of the q2

spectrum in the simulation within each q2 bin. For example, the recent observation of a
resonance in the high q2 region of B+! K+µ+µ� decays [26] alters the q2 distribution and
hence the selection e�ciencies in that region. By reweighting simulated events to account
for this resonance, and for variations of the B ! K(⇤) form factor model as described in
Ref. [35], a systematic uncertainty is determined at the level of (1� 2)% depending on
channel and q2 bin.

Data-driven corrections of the long and downstream tracking e�ciencies in the sim-
ulation are determined using tag-and-probe techniques in J/ ! µ+µ� and D0 ! �K0

S

decays, respectively. For the J/ ! µ+µ� decay, the tag is a fully reconstructed muon
track. It is combined with another muon, referred to as the probe, reconstructed using the
muon stations and the large-area silicon detector upstream of the magnet. The tracking
e�ciency is determined by reconstructing the probe using the full tracking system. The
D0 ! �K0

S decay is tagged via a partial reconstruction using only one of the K0

S daugh-
ters. The downstream tracking e�ciency is then evaluated by fully reconstructing the
K0

S candidate. The resulting systematic uncertainty on the e�ciency ratio, due to finite
precision of the measurement, is found to be negligible. The systematic uncertainty that
arises from the corrections to the IP resolution, PID variables and B candidate kinematic
properties in the simulation varies between 1% and 3% depending on channel and q2 bin.

A summary of the systematic uncertainties can be found in Table 2. The uncertainties
on the branching fractions of the normalisation modes constitute the dominant source of
systematic uncertainty on the branching fraction measurements while it cancels in the
isospin measurements.

7 Branching fraction results

The di↵erential branching fraction results for B+! K+µ+µ�, B0! K0µ+µ� and B+!
K⇤+µ+µ� decays are shown in Fig. 2 with theoretical predictions [36,37] superimposed.

7
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Table 2: Summary of systematic uncertainties associated with the branching fraction and
isospin asymmetry measurements.

Source Branching fraction Isospin asymmetry

B! J/ K(⇤) branching fractions 4%� 6% �
Physics model 1%� 2% 1%� 2%
Simulation mis-modelling 1%� 3% 1%� 3%

The values are given in Tables 4 to 6 in the appendix. In the low q2 region, these predictions
rely on the QCD factorisation approaches from Refs. [38,39] for B! K⇤µ+µ� and Ref. [40]
for B! Kµ+µ�, and lose accuracy when approaching the J/ resonance. In the high q2

region, an operator product expansion in the inverse b-quark mass, 1/m
b

, and in 1/
p
q2

is used based on Ref. [41]. This expansion is only valid above the open charm threshold.
A dimensional estimate of the uncertainty associated with this expansion is discussed
in Ref. [42]. For light cone sum rule (LCSR) predictions, the B ! K(⇤) form factor
calculations are taken from Refs. [43] and [44]. Predictions based on form factors from
lattice calculations are also overlaid [1, 2, 45, 46].

Although all three di↵erential branching fraction measurements are consistent with
the SM, they all have values smaller than the theoretical prediction. The sample size for
B+! K+µ+µ� is su�cient to show significant structures in the q2 distribution. As an
example, the peak at high q2 is due to the  (4160) resonance, which is discussed in more
detail in Ref. [26].

The presence of an S-wave contribution to the K+⇡� and K0

S⇡
+ systems of B0 !

K⇤0µ+µ� and B+! K⇤+µ+µ� candidates, respectively, complicates the analysis of these
channels. This e↵ect is of the order of a few percent and can be neglected inB+! K⇤+µ+µ�

decays with the current statistical precision. The larger signal yield of B0! K⇤0µ+µ�,
however, merits a detailed analysis of the S-wave contribution and requires a dedicated
study. For this reason the branching fraction of B0! K⇤0µ+µ� decays is not reported.

By convention, branching fractions are extrapolated to the full q2 range ignoring the
presence of the narrow charmonium resonances. A q2 distribution based on Ref. [47] is
used for this. The correction factors to the branching fractions due to this extrapolation
are 1.39 and 1.50 for B! Kµ+µ� and B0! K⇤0µ+µ�, respectively. No uncertainty is
assigned to these corrections. Summing the q2 bins and applying the extrapolation, the
integrated branching fractions become

B(B+! K+µ+µ�) = (4.29± 0.07 (stat)± 0.21 (syst))⇥ 10�7,

B(B0! K0µ+µ�) = (3.27± 0.34 (stat)± 0.17 (syst))⇥ 10�7,

B(B+! K⇤+µ+µ�) = (9.24± 0.93 (stat)± 0.67 (syst))⇥ 10�7.

These measurements are more precise than the current world averages [25].
Table 3 compares the B+! K+µ+µ� and B0! K0µ+µ� branching fractions integrated

over the q2 region of 15�22GeV2/c4, and the B+! K⇤+µ+µ� branching fraction integrated
over the 15 � 19GeV2/c4 region to the lattice QCD predictions [1, 2, 45, 46]. While the

8
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Figure 4: Isospin asymmetry of B! Kµ+µ� obtained separately from the 2011 and 2012 data
sets.

reduces the significance to 2.5 �; and finally the inclusion of the 2012 data set reduces the
significance further to 1.5�.

The measurements of A
I

in the individual q2 bins obtained from the re-analysis of the
2011 data set are compatible with those obtained in the previous analysis; a �2 test on the
compatibility of the two results, taking the overlap of events into account, has a p-value of
93%. However results from the 2012 data are more compatible with an A

I

value of zero
than the re-analysed 2011 data, as shown in Fig 4.

9 Conclusion

The most precise measurements of the di↵erential branching fractions of B+! K+µ+µ�,
B0 ! K0

Sµ
+µ� and B+ ! K⇤+µ+µ� decays as well as the isospin asymmetries of B!

Kµ+µ� and B! K⇤µ+µ� decays have been performed using a data set corresponding to
3 fb�1 of integrated luminosity collected by the LHCb detector.

The isospin asymmetries of the B ! Kµ+µ� and B ! K⇤µ+µ� decays are both
consistent with SM expectations. However, the branching fraction measurements all
have lower values than the SM predictions. This is consistent with the B0! K⇤0µ+µ�

and B0

s

! �µ+µ� branching fractions measured by LHCb, which also favour lower
values [10, 46,48] than predicted by the SM.
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e+e� final states [11]. In terms of measured quantities R
K

is written as

R
K

=

✓N
K

+

µ

+

µ

�

N
K

+

e

+

e

�

◆✓N
J/ (e

+

e

�
)K

+

N
J/ (µ

+

µ

�
)K

+

◆✓
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K

+

e

+

e

�

✏
K

+

µ

+

µ

�

◆✓
✏
J/ (µ

+

µ

�
)K

+

✏
J/ (e

+

e

�
)K

+

◆
, (2)

where N
X

is the observed yield in final state X, and ✏
X

is the e�ciency to trigger, reconstruct and
select that final state. Throughout this paper the number of K+µ+µ� and K+e+e� candidates
always refers to the restricted q2 range, 1 < q2 < 6GeV2/c4.

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity range
2 < ⌘ < 5 and is described in detail in Ref. [12]. The simulated events used in this analysis are
produced using the software described in Refs. [13].

Candidate B+! K+`+`� events are first required to pass the hardware trigger that selects
either muons with a high transverse momentum (p

T

) or large energy deposits in the electromagnetic
or hadronic calorimeters, which are a signature of high-p

T

electrons or hadrons. Events with muons
in the final state are required to be triggered by one or both muons in the hardware trigger. Events
with electrons in the final state are required to be triggered by either one of the electrons, the kaon
from the B+ decay, or by other particles in the event. In the subsequent software trigger, at least
one of the final-state particles is required to both have p

T

> 800MeV/c and not to originate from
any of the primary pp interaction vertices (PVs) in the event. Finally, the tracks of the final-state
particles are required to form a vertex that is significantly displaced from the PVs. A multivariate
algorithm [14] is used for the identification of secondary vertices consistent with the decay of a b
hadron.

A K+`+`� candidate is formed from a pair of well-reconstructed oppositely charged particles
identified as either electrons or muons, combined with another track that is identified as a charged
kaon. Each particle is required to have p

T

> 800MeV/c and be inconsistent with coming from
any PV. The two leptons are required to originate from a common vertex, which is significantly
displaced from all of the PVs in the event. The K+`+`� candidate is required to have a good
vertex fit, and the K+`+`� candidate is required to point to the best PV, defined by the lowest
impact parameter (IP).

Muons are initially identified by tracks that penetrate the calorimeters and the iron filters in the
muon stations [15]. Further muon identification is performed with a multivariate classifier that uses
information from the tracking system, the muon chambers, the ring-imaging Cherenkov (RICH)
detectors and the calorimeters to provide separation of muons from pions and kaons. Electron
identification is provided by matching tracks to an electromagnetic calorimeter (ECAL) cluster,
combined with information from the RICH detectors, to build an overall likelihood for separating
electrons from pions and kaons.

Bremsstrahlung from the electrons can significantly a↵ect the measured electron momentum
and the reconstructed B+ candidate mass. To improve the accuracy of the electron momentum
reconstruction, a correction for the measured momenta of photons associated to the electron is
applied. If an electron radiates a photon downstream of the dipole magnet, the photon enters the
same ECAL cells as the electron itself and the original energy of the electron is measured by the
ECAL. However, if an electron radiates a photon upstream of the dipole magnet, the energy of the
photon will not be deposited in the same ECAL cells as the electron. After correction, the ratio of
electron energy to the momentum measured by the ECAL is expected to be consistent with unity;

2

The decay B+ ! K+`+`�, where ` represents either a muon or an electron, is a b ! s
flavor-changing neutral current process. Such processes are highly suppressed in the Standard
Model (SM) as they proceed through amplitudes involving electroweak loop (penguin and box)
diagrams. This makes the branching fraction of B+ ! K+`+`�1 decays highly sensitive to the
presence of virtual particles that are predicted to exist in extensions of the SM [1]. The decay
rate of B+! K+µ+µ� has been measured by LHCb to a precision of 5% [2] and, although the
current theoretical uncertainties in the branching fraction are O(30%) [3], these largely cancel in
asymmetries or ratios of B+! K+`+`� observables [2, 4, 5].

Owing to the equality of the electroweak couplings of electrons and muons in the SM, known
as lepton universality, the ratio of the branching fractions of B+! K+µ+µ� to B+! K+e+e�

decays [6] is predicted to be unity within an uncertainty of O(10�3) in the SM [1,7]. The ratio of
the branching fractions is particularly sensitive to extensions of the SM that introduce new scalar
or pseudoscalar interactions [1]. Models that contain a Z 0 boson have recently been proposed to
explain measurements of the angular distribution and branching fractions of B0! K⇤0µ+µ� and
B+! K+µ+µ� decays [8]. These types of models can also a↵ect the relative branching fractions
of B+! K+`+`� decays if the Z 0 boson does not couple equally to electrons and muons.

Previous measurements of the ratio of branching fractions from e+e� colliders operating at
the ⌥ (4S) resonance have measured values consistent with unity with a precision of 20–50% [9].
This Letter presents the most precise measurement of the ratio of branching fractions and the
corresponding branching fraction B(B+! K+e+e�) to date. The data used for these measurements
are recorded in proton-proton (pp) collisions and correspond to 3.0 fb�1 of integrated luminosity,
collected by the LHCb experiment at center-of-mass energies of 7 and 8TeV.

The value of R
K

within a given range of the dilepton mass squared from q2
min

to q2
max

is given by

R
K

=

R
q

2

max

q

2

min

d�[B+! K+µ+µ�]

dq2
dq2

R
q

2

max

q

2

min

d�[B+! K+e+e�]

dq2
dq2

, (1)

where � is the q2-dependent partial width of the decay. We report a measurement of R
K

for
1 < q2 < 6GeV2/c4. This range is both experimentally and theoretically attractive as it excludes
the B+! J/ (! `+`�)K+ resonant region, and precise theoretical predictions are possible. The
high q2 region, above the  (2S) resonance, is a↵ected by broad charmonium resonances that decay
to lepton pairs [10].

The value of R
K

is determined using the ratio of the relative branching fractions of the decays
B+! K+`+`� and B+! J/ (! `+`�)K+, with ` = e and µ, respectively. This takes advantage
of the large B+! J/ K+ branching fraction to cancel potential sources of systematic uncertainty
between the B+! K+`+`� and B+! J/ (! `+`�)K+ decays as the e�ciencies are correlated
and the branching fraction to B+! J/ K+ is known precisely [11]. This is achieved by using the
same selection for B+! K+`+`� and B+! J/ (! `+`�)K+ decays for each leptonic final state
and by assuming lepton universality in the branching fractions of J/ mesons to the µ+µ� and

1The inclusion of charge conjugate processes is implied throughout this Letter.
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Definition of RK: 
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Figure 2: Mass distributions with fit projections overlaid of selected B+! J/ (! e+e�)K+ candidates
triggered in the hardware trigger by (a) one of the two electrons, (b) by the K+ and (c) by other particles
in the event. Mass distributions with fit projections overlaid of selected B+! K+e+e� candidates in the
same categories, triggered by (d) one of the two electrons, (e) the K+ and (f) by other particles in the
event. The total fit model is shown in black, the combinatorial background component is indicated by the
dark shaded region and the background from partially reconstructed b-hadron decays by the light shaded
region.

The results of the fits for the B+! J/ (! e+e�)K+ and B+! K+e+e� channels are shown
in Fig. 2. In total there are 172+20

�19

(62 324± 318) B+! K+e+e� (B+! J/ (! e+e�)K+) decays
triggered by the electron trigger, 20+16

�14

(9 337± 124) decays triggered by the hadron trigger and
62± 13 (16 796± 165) decays that were triggered by other particles in the event.

It is possible for B+ ! K+e+e� decays that emit bremsstrahlung to migrate out of the
1 < q2 < 6GeV2/c4 range at the lower edge and in from the upper edge. The e↵ect of this
bin migration on the yield is determined using B+ ! K+e+e� simulation and validated with
B+ ! J/ (! e+e�)K+ data. The corresponding uncertainty due to the dependence of the
branching fraction on non-SM contributions is estimated by independantly varying the B+ ! K+

form factors and by adjusting the Wilson coe�cients [19]. The overall yield of B+ ! K+e+e�

is scaled by (90.9± 1.5)% to account for this migration, where the uncertainty is mainly due to
the model dependence. The quality of the fits to the mass distribution of K+`+`� candidates is
investigated and found to be acceptable.

The systematic dependence of the signal yield on the signal model is considered negligible for
the muon modes due to the excellent dimuon mass resolution at LHCb [20]. The proportion of the
partially reconstructed backgrounds is changed based on the measurements of the B+! (J/ !
e+e�)K+X contribution in Refs. [21, 22] and contributes a systematic uncertainty of 1.6% to
the value of R

K

. The uncertainty in the signal model for the B+! K+e+e� mass distribution

6

Mass fits of 
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B+ −> K+ ee 

triggerd by signal electron triggerd by signal kaon triggerd by other particles 



BR(B+ → hhh µ+µ−) LHCb-PAPER-2014-030 
PRELIMINARY 

C. Linn (CERN) | EW penguin decays SUSY 2014, Manchester 

]2c)  [MeV/-µ+µ-π+π+Km(
5200 5300 5400 5500

)2 c
C

an
di

da
te

s /
 (7

 M
eV

/

0
5

10
15
20
25
30
35 LHCb  < 2.002q0.10 < 

]2c)  [MeV/-µ+µ-π+π+Km(
5200 5300 5400 5500

)2 c
C

an
di

da
te

s /
 (7

 M
eV

/

0

5

10

15

20

25
LHCb  < 4.302q2.00 < 

]2c)  [MeV/-µ+µ-π+π+Km(
5200 5300 5400 5500

)2 c
C

an
di

da
te

s /
 (7

 M
eV

/

0
5

10
15

20
25

30
35 LHCb  < 8.682q4.30 < 

]2c)  [MeV/-µ+µ-π+π+Km(
5200 5300 5400 5500

)2 c
C

an
di

da
te

s /
 (7

 M
eV

/

0

5

10

15

20

25
LHCb  < 12.862q10.09 < 

]2c)  [MeV/-µ+µ-π+π+Km(
5200 5300 5400 5500

)2 c
C

an
di

da
te

s /
 (7

 M
eV

/

0

1

2

3

4

5 LHCb  < 19.002q14.18 < 

]2c)  [MeV/-µ+µ-π+π+Km(
5200 5300 5400 5500

)2 c
C

an
di

da
te

s /
 (7

 M
eV

/

0

10

20

30

40

50
LHCb  < 6.002q1.00 < 

Figure 1: Invariant mass of B+!K+⇡+⇡�µ+µ� candidates in bins of q2. The signal component
is modelled by the sum of two Gaussian functions, each with a power law tail at low mass. The
background component is modelled by an exponential function. In the q2 ranges 4.30 < q2 <
8.68GeV2/c4, 10.09 < q2 < 12.86GeV2/c4 and 14.18 < q2 < 19.00GeV2/c4 scaling factors are
applied to account for the vetoes of the radiative tails of the charmonium resonances, resulting
in steps in the background mass shape.

Here, N
sig

is the yield of the signal channel in the given q2 bin and N
norm

the yield147

of the normalisation channel. The e�ciencies for the reconstruction and selection of148

the signal and normalisation channel are denoted by ✏
sig

and ✏
norm

, respectively. The149

e�ciency for the signal decay is determined using simulated B+! K+

1

(1270)µ+µ� events150

generated according to Ref. [4], a separate e�ciency ratio is calculated for each q2 bin.151

The branching fraction for the  (2S) to decay to the final state ⇡+⇡�µ+µ� is B( (2S) !152
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Invariant mass fits of B+ −> K+ π+ π- µ+ µ-  in bins of q2  
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Figure 2: Fits to the invariant mass distribution of (a) the normalisation mode B+! (2S)K+

and (b) the cross-check decay B+!J/ K+⇡+⇡�. The fit model for the signal component
consists of the sum of two Gaussian functions, each with a power law tail on the lower mass
side with common tail parameters. The background component is modelled by an exponential
function and a Gaussian function at low mass to account for partially reconstructed decays. The
yields of the two modes are 5,128± 67 and 59,335± 343, respectively.

Table 1: Signal yields for the decay B+!K+⇡+⇡�µ+µ� and resulting di↵erential branching
fractions in bins of q2. Uncertainties quoted for the di↵erential branching fractions are statistical
followed by systematic.

q2 bin [GeV2/c4] N
sig

dB
dq

2 [⇥10�8 GeV�2c4]

[ 0.10, 2.00] 134.1 +12.9

�12.3

7.01 +0.69

�0.65

± 0.47

[ 2.00, 4.30] 56.5 + 9.7

� 9.1

2.34 +0.41

�0.38

± 0.15

[ 4.30, 8.68] 119.9 +14.6

�13.7

2.30 +0.28

�0.26

± 0.20

[10.09, 12.86] 54.0 +10.1

� 9.4

1.83 +0.34

�0.32

± 0.17

[14.18, 19.00] 3.3 + 2.8

� 2.1

0.10 +0.08

�0.06

± 0.01

[ 1.00, 6.00] 144.8 +14.9

�14.3

2.75 +0.29

�0.28

± 0.16

J/ (! µ+µ�)⇡+⇡�) = (2.016± 0.031)⇥ 10�2 [13].153

The resulting di↵erential branching fraction for the decay B+!K+⇡+⇡�µ+µ� is shown154

in Fig. 3 with numerical values given in Table 1. Summation over all q2 bins yields an155

integrated branching fraction of B(B+!K+⇡+⇡�µ+µ�) = (3.43 +0.23

�0.21

±0.15±0.14)⇥10�7.156

The fraction of signal events removed by the vetoes of the charmonium regions is determined157

to be 21.3% from simulated B+ ! K+

1

(1270)µ+µ� events. No uncertainty is assumed for158

this number. Accounting for the charmonium vetoes yields a total branching fraction of159

B(B+!K+⇡+⇡�µ+µ�) =
�
4.36 +0.29

�0.27

± 0.20± 0.18
�
⇥ 10�7,

where the given uncertainties are statistical, systematic and due to the normalisation160

channel, respectively. Since the systematic uncertainty due to the normalisation channel161

6

Results branching fraction: 
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Reconstructed K+ π+ π mass  of B+ −> K+ π+ π- µ+ µ- signal decays: 
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Figure 3: Di↵erential branching fraction dB(B+!K+⇡+⇡�µ+µ�)/dq2. Errors shown include
both statistical and systematic uncertainties. Shaded grey regions indicate regions that contain
the vetoed charmonium resonances.
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Figure 4: sPlot of the m(K+⇡+⇡�) distributions for (a) the signal decay B+!K+⇡+⇡�µ+µ�

and (b) the cross-check channel B+!J/ K+⇡+⇡�. The vertical lines indicate the masses of
the K+

1

(1270) and K+

1

(1400) resonances.

is significant we also report the branching fraction of the signal channel with respect to its162

normalisation mode which is determined to be163

B(B+!K+⇡+⇡�µ+µ�)

B(B+! (2S)K+)
= (6.95 +0.46

�0.43

± 0.33)⇥ 10�4.

Due to the low signal yield, no attempt is made to resolve the di↵erent contributions to164

the K+⇡+⇡� system in the K+⇡+⇡�µ+µ� final state. However, it is possible to give the165

m(K+⇡+⇡�) distribution using the sPlot [27] technique. Fig. 4 shows this distribution for166

the signal decay in the full q2 region, as well as for the cross-check mode B+!J/ K+⇡+⇡�.167
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B+ −> K+ π+ π- µ+ µ-  B+ −> K+ Ψ(2S) [−> π+ π- µ+ µ- ] 


