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Physics case and LHCb detector

I. Physics case,
  the LHCb Detector
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Physics case
FCCC: the Unitary Triangle: γ

FCNC: Flavour Changing Neutral Currents: a search for New Physics 
(NP)

Forbidden at tree level. NP enters in loops and penguins!

B (D, K decays) controlled by SM CKM matrix with some precise SM 
predictions

Oscillation in B(s), CP violation, rare decays (RD)

Measure: Asymmetries, branching rations (BR), angular distributions
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2.1 Flavour Changing Neutral Currents 7

searches allow us to access new particles produced virtually in loop processes. In indirect
searches, flavour observables play a key-role to explore New Physics at higher energy scales.

This chapter is devoted to the theoretical description of rare processes involving FCNCs,
with particular attention to the B0

d ! µ

+
µ

� and B0
s ! µ

+
µ

� decays. The search for such rare
decays ultimately aims at testing the Standard Model of particle interactions and eventually
uncovering New Physics beyond the Standard Model.

�.� Flavour Changing Neutral Currents
Flavour Changing Neutral Currents are absent at the tree level in the Standard Model.
Charged currents mediated by W± bosons can instead violate flavour, therefore one can
use a W boson in a loop to create an overall Flavour Changing Neutral process: FCNC pro-
cesses are thus possible at higher orders. The diagrams in 2 represent decay amplitudes at
the level of elementary particles (quarks, leptons, bosons).

(a)

Figure 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Feynman diagrams of the SM processes contributing to B0

s ! µ

+
µ

� decays, involving top quarks and W bosons: Z0-
penguin diagrams on the left and box diagram on the right. Self energy (gluonic) corrections and Higgs contributions
are here not considered.

To actually calculate a decay rate, one needs to account for the fact that quarks are con-
fined inside hadrons, bound by the exchange of soft gluons. The case of the B0

s(d) ! µ

+
µ

�

decay is the cleanest possible exclusive B-decay: due to the purely leptonic final state, all
non-perturbative effects can be confined to a single parameter, the B-meson decay constant,
defined via the axial-vector current matrix element [28]:

⌦
0|q̄g

µ

g5b|B̄q(p)
↵
= ip

µ

FBq , (11)

where p
µ

is the four-momentum of the initial B-meson and q represents the d or s quark.
Theoretical calculations of hadronic decay rates are based on effective Hamiltonians of

the type [29]:

Heff =
GFp

2 Â
i

Ci(µ)Qi(µ) , (12)

and the decay amplitude for a meson |Mi (e.g. K, D, B) into a final state |Fi (e.g. pp, µµ),
is given by

A(M ! F) = hF| Heff |Mi = GFp
2 Â

i
Ci(µ) hF| Qi(µ) |Mi . (13)
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Fig. 1. Leading order diagrams for neutral meson mixing in the SM.

2. Beauty mixing phenomenology in a nutshell

Excellent pedagogical introductions to neutral meson mixing can be found in
textbooks4, recent reviews5,6 and lecture notes.7,8 An up-to-date review of exper-
imental constraints on B meson mixing can also be found in the PDG.9 The fol-
lowing discussion applies to neutral mesons of any kind. However, we shall denote
the flavour eigenstate with the symbol B0 for beauty meson and use numerical
estimates that apply to B

0
s and B

0
d .

2.1. Time-evolution of the B0
-B

0
system

Consider the wave function B
0(t) for a neutral meson that is the superposition of

flavour eigenstates B
0 and B

0
. The time-evolution of its projections into flavour

eigenstates is given by a Schrödinger equation

i
d

dt

 
hB0|B(t)i
hB0|B(t)i

!
=

✓
H11 H12

H21 H22

◆  hB0|B(t)i
hB0|B(t)i

!
. (2)

Since the meson decays and we do not consider the wave function of final states, the
Hamiltonian H is not hermitian. However, like any other complex matrix, it can be
decomposed in terms of two hermitian matrices, which we label by M and �,

H = M � i
2�. (3)

Since M and � are hermitian, their diagonal elements are real and we have M21 =
M

⇤
12 and �21 = �⇤

21. CPT invariance requires M11 = M22 and �11 = �22. Ignoring
for the moment the interference with phases in the final state, the common phase
of B0 and B

0
is arbitrary such we can choose either the phase of M12 or �12 and

only their phase di↵erence matters. Consequently, the mixing can be parametrized
by five real parameters, which are conventionally chosen to be

M11, �11, |M12|, |�12| and �12 = arg

✓
�M12

�12

◆
. (4)

The mass M11 is determined by the quark masses and strong interaction binding
energy. In the B system it is about 5 GeV and more than ten orders of magnitude
larger than the size of the other elements, which all involve the weak interaction.

The time-evolution of the meson-anti-meson system is described in terms of the
eigenstates of the Hamiltonian. The two mass eigenstates can be written as linear
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The Flavor puzzle!

Flavor transitions can be parameterized in terms of operators, 
coupling and mass scale

The Flavor puzzle: If NP is at 1 TeV the coupling should be small or if 
the couplings are 0(1) the NP is a higher scale than 1 Tev! or the 
flavor structure of NP is ‘aligned’ with the flavour in SM (Minimum 
Flavor Violation MFV)
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Chapter 3

Flavor physics beyond the SM: models and predictions

If the physics beyond the SM respects the SM gauge symmetry, as we expect from general arguments,
the corrections to low-energy flavor-violating amplitudes can be written in the following general form

A(fi ! fj +X) = A0


cSM
M2

W

+

cNP

⇤

2

�
, (3.1)

where ⇤ is the energy scale of the new degrees of freedom. This structure is completely general: the
coefficients cSM(NP) may include appropriate CKM factors and eventually a ⇠ 1/(16⇡2

) suppression if
the amplitude is loop-mediated. Given our ignorance about the cNP, the values of the scale ⇤ probed by
present experiments vary over a wide range. However, the general result in Eq. (3.1) allows us to predict
how these bounds will improve with future experiments: the sensitivity on ⇤ scale as N1/4, where
N is the number of events used to measure the observable. This implies that is not easy to increase
substantially the energy reach with indirect NP searches only. Moreover, from Eq. (3.1) it is also clear
that indirect searches can probe NP scales well above the TeV for models where (cSM ⌧ cNP), namely
models which do not respect the symmetries and the symmetry-breaking pattern of the SM.

The bound on representative �F = 2 operators have already been shown in Table 1.1. As can
be seen, for cNP = 1 present data probes very high scales. On the other hand, if we insist with the
theoretical prejudice that NP must show up not far from the TeV scale in order to stabilize the Higgs
sector, then the new degrees of freedom must have a peculiar flavor structure able to justify the smallness
of the effective couplings cNP for ⇤ = 1 TeV.

1 The Minimal Flavor Violation hypothesis
The main idea of MFV is that flavor-violating interactions are linked to the known structure of Yukawa
couplings also beyond the SM. In a more quantitative way, the MFV construction consists in identifying
the flavor symmetry and symmetry-breaking structure of the SM and enforce it also beyond the SM.

The MFV hypothesis consists of two ingredients [49]: (1) a flavor symmetry and (ii) a set of
symmetry-breaking terms. The symmetry is noting but the large global symmetry Gflavor of the SM
Lagrangian in absence of Yukawa couplings shown in Eq. (1.4). Since this global symmetry, and partic-
ularly the SU(3) subgroups controlling quark flavor-changing transitions, is already broken within the
SM, we cannot promote it to be an exact symmetry of the NP model. Some breaking would appear at the
quantum level because of the SM Yukawa interactions. The most restrictive assumption we can make to
protect in a consistent way quark-flavor mixing beyond the SM is to assume that Yd and Yu are the only
sources of flavor symmetry breaking also in the NP model. To implement and interpret this hypothesis
in a consistent way, we can assume that Gq is a good symmetry and promote Yu,d to be non-dynamical
fields (spurions) with non-trivial transformation properties under Gq:

Yu ⇠ (3, ¯3, 1) , Yd ⇠ (3, 1, ¯3) . (3.2)

If the breaking of the symmetry occurs at very high energy scales, at low-energies we would only be
sensitive to the background values of the Y , i.e. to the ordinary SM Yukawa couplings. The role of the
Yukawa in breaking the flavor symmetry becomes similar to the role of the Higgs in the the breaking
of the gauge symmetry. However, in the case of the Yukawa we don’t know (and we do not attempt to
construct) a dynamical model which give rise to this symmetry breaking.
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Operator Bounds on ⇤ in TeV (cNP = 1) Bounds on cNP (⇤ = 1 TeV) Observables
Re Im Re Im

(s̄L�µdL)2 9.8⇥ 10

2
1.6⇥ 10

4
9.0⇥ 10

�7
3.4⇥ 10

�9
�mK ; ✏K

(s̄R dL)(s̄LdR) 1.8⇥ 10

4
3.2⇥ 10

5
6.9⇥ 10

�9
2.6⇥ 10

�11
�mK ; ✏K

(c̄L�µuL)2 1.2⇥ 10

3
2.9⇥ 10

3
5.6⇥ 10

�7
1.0⇥ 10

�7
�mD; |q/p|,�D

(c̄R uL)(c̄LuR) 6.2⇥ 10

3
1.5⇥ 10

4
5.7⇥ 10

�8
1.1⇥ 10

�8
�mD; |q/p|,�D

(

¯bL�µdL)2 6.6⇥ 10

2
9.3⇥ 10

2
2.3⇥ 10

�6
1.1⇥ 10

�6
�mBd

; S KS

(¯bR dL)(¯bLdR) 2.5⇥ 10

3
3.6⇥ 10

3
3.9⇥ 10

�7
1.9⇥ 10

�7
�mBd

; S KS

(

¯bL�µsL)2 1.4⇥ 10

2
2.5⇥ 10

2
5.0⇥ 10

�5
1.7⇥ 10

�5
�mBs ; S �

(¯bR sL)(¯bLsR) 4.8⇥ 10

2
8.3⇥ 10

2
8.8⇥ 10

�6
2.9⇥ 10

�6
�mBs ; S �

Table 1.1: Bounds on representative dimension-six �F = 2 operators, assuming an effective coupling cNP/⇤2.
The bounds are quoted on ⇤, setting |cNP| = 1, or on cNP, setting ⇤ = 1 TeV. The right column denotes the main
observables used to derive these bounds (see next chapter for more details).

where i, j are flavor indexes in the basis defined by Eq. (1.6). These operators contribute at the tree-level
to the meson-antimeson mixing amplitudes. Denoting cij the couplings of the non-standard operators in
(1.21), the condition |MNP

�F=2| < |MSM
�F=2| implies

⇤ <
3.4 TeV

|V ⇤
3iV3j |/|cij |1/2

<

8
<

:

9⇥ 10

3
TeV ⇥ |c21|1/2 from K0 � ¯K0

4⇥ 10

2
TeV ⇥ |c31|1/2 from Bd � ¯Bd

7⇥ 10

1
TeV ⇥ |c32|1/2 from Bs � ¯Bs

(1.22)

A more refined analysis, with complete statistical treatment and separate bounds for the real and
the imaginary parts of the various amplitudes, considering also operators with different Dirac structure,
is reported in Table 1.1.2 The main messages of these bounds are the following:

– New physics models with a generic flavor structure (cij of order 1) at the TeV scale are ruled out.
If we want to keep ⇤ in the TeV range, physics beyond the SM must have a highly non-generic
flavor structure.

– In the specific case of the �F = 2 operators in (1.21), in order to keep ⇤ in the TeV range, we
must find a symmetry argument such that |cij | <⇠ |V ⇤

3iV3j |2.

The strong constraining power of �F = 2 observables is a consequence of their strong suppres-
sion within the SM. They are suppressed not only by the typical 1/(4⇡)2 factor of loop amplitudes, but
also by the GIM mechanism [14] and by the hierarchy of the CKM matrix (|V3i| ⌧ 1, for i 6= 3). Re-
producing a similar structure beyond the SM is a highly non-trivial task. As we will discuss in the last
lecture, only in a few cases this can be implemented in a natural way.

To conclude, we stress that the good agreement of SM and experiments for Bd and K0 mixing
does not imply that further studies of flavor physics are not interesting. On the one hand, even for
|cij | ⇡ |V ⇤

3iV3j |, which can be considered the most pessimistic case, as we will discuss in Sect. 1, we are
presently constraining physics at the TeV scale. Therefore improving these bounds, if possible, would
be extremely valuable. One the other hand, as we will discuss in the next lecture, there are various
interesting observables which have not been deeply investigated yet, whose study could reveal additional
key features about the flavor structure of physics beyond the SM.

2Table 1.1 updates the corresponding table of Ref. [5] taking into account the recent measurements in the Bs system.
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Any extension of Standard Model found in DIRECT SEARCHES must comply with a 
non-trivial flavor structure: Flavor is a key ingredient of any BSM theory, which may 
help to discover NP!
!
The absence of FCNC already now sets strong constraints on the multi TeV-scale 
physics (higher than those found in direct searches so far, even foreseeable at LHC)!

LHC : direct vs. indirect searches!

3"This technique has been used since a long time in particle physics with great success!

arXiv:1302.0661!
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models which do not respect the symmetries and the symmetry-breaking pattern of the SM.

The bound on representative �F = 2 operators have already been shown in Table 1.1. As can
be seen, for cNP = 1 present data probes very high scales. On the other hand, if we insist with the
theoretical prejudice that NP must show up not far from the TeV scale in order to stabilize the Higgs
sector, then the new degrees of freedom must have a peculiar flavor structure able to justify the smallness
of the effective couplings cNP for ⇤ = 1 TeV.

1 The Minimal Flavor Violation hypothesis
The main idea of MFV is that flavor-violating interactions are linked to the known structure of Yukawa
couplings also beyond the SM. In a more quantitative way, the MFV construction consists in identifying
the flavor symmetry and symmetry-breaking structure of the SM and enforce it also beyond the SM.

The MFV hypothesis consists of two ingredients [49]: (1) a flavor symmetry and (ii) a set of
symmetry-breaking terms. The symmetry is noting but the large global symmetry Gflavor of the SM
Lagrangian in absence of Yukawa couplings shown in Eq. (1.4). Since this global symmetry, and partic-
ularly the SU(3) subgroups controlling quark flavor-changing transitions, is already broken within the
SM, we cannot promote it to be an exact symmetry of the NP model. Some breaking would appear at the
quantum level because of the SM Yukawa interactions. The most restrictive assumption we can make to
protect in a consistent way quark-flavor mixing beyond the SM is to assume that Yd and Yu are the only
sources of flavor symmetry breaking also in the NP model. To implement and interpret this hypothesis
in a consistent way, we can assume that Gq is a good symmetry and promote Yu,d to be non-dynamical
fields (spurions) with non-trivial transformation properties under Gq:

Yu ⇠ (3, ¯3, 1) , Yd ⇠ (3, 1, ¯3) . (3.2)

If the breaking of the symmetry occurs at very high energy scales, at low-energies we would only be
sensitive to the background values of the Y , i.e. to the ordinary SM Yukawa couplings. The role of the
Yukawa in breaking the flavor symmetry becomes similar to the role of the Higgs in the the breaking
of the gauge symmetry. However, in the case of the Yukawa we don’t know (and we do not attempt to
construct) a dynamical model which give rise to this symmetry breaking.
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searches allow us to access new particles produced virtually in loop processes. In indirect
searches, flavour observables play a key-role to explore New Physics at higher energy scales.

This chapter is devoted to the theoretical description of rare processes involving FCNCs,
with particular attention to the B0

d ! µ

+
µ

� and B0
s ! µ

+
µ

� decays. The search for such rare
decays ultimately aims at testing the Standard Model of particle interactions and eventually
uncovering New Physics beyond the Standard Model.

�.� Flavour Changing Neutral Currents
Flavour Changing Neutral Currents are absent at the tree level in the Standard Model.
Charged currents mediated by W± bosons can instead violate flavour, therefore one can
use a W boson in a loop to create an overall Flavour Changing Neutral process: FCNC pro-
cesses are thus possible at higher orders. The diagrams in 2 represent decay amplitudes at
the level of elementary particles (quarks, leptons, bosons).

(a)

Figure 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Feynman diagrams of the SM processes contributing to B0

s ! µ

+
µ

� decays, involving top quarks and W bosons: Z0-
penguin diagrams on the left and box diagram on the right. Self energy (gluonic) corrections and Higgs contributions
are here not considered.

To actually calculate a decay rate, one needs to account for the fact that quarks are con-
fined inside hadrons, bound by the exchange of soft gluons. The case of the B0

s(d) ! µ

+
µ

�

decay is the cleanest possible exclusive B-decay: due to the purely leptonic final state, all
non-perturbative effects can be confined to a single parameter, the B-meson decay constant,
defined via the axial-vector current matrix element [28]:

⌦
0|q̄g

µ

g5b|B̄q(p)
↵
= ip

µ

FBq , (11)

where p
µ

is the four-momentum of the initial B-meson and q represents the d or s quark.
Theoretical calculations of hadronic decay rates are based on effective Hamiltonians of

the type [29]:

Heff =
GFp

2 Â
i

Ci(µ)Qi(µ) , (12)

and the decay amplitude for a meson |Mi (e.g. K, D, B) into a final state |Fi (e.g. pp, µµ),
is given by

A(M ! F) = hF| Heff |Mi = GFp
2 Â

i
Ci(µ) hF| Qi(µ) |Mi . (13)
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Fig. 1. Leading order diagrams for neutral meson mixing in the SM.

2. Beauty mixing phenomenology in a nutshell

Excellent pedagogical introductions to neutral meson mixing can be found in
textbooks4, recent reviews5,6 and lecture notes.7,8 An up-to-date review of exper-
imental constraints on B meson mixing can also be found in the PDG.9 The fol-
lowing discussion applies to neutral mesons of any kind. However, we shall denote
the flavour eigenstate with the symbol B0 for beauty meson and use numerical
estimates that apply to B

0
s and B

0
d .

2.1. Time-evolution of the B0
-B

0
system

Consider the wave function B
0(t) for a neutral meson that is the superposition of

flavour eigenstates B
0 and B

0
. The time-evolution of its projections into flavour

eigenstates is given by a Schrödinger equation

i
d

dt

 
hB0|B(t)i
hB0|B(t)i

!
=

✓
H11 H12

H21 H22

◆  hB0|B(t)i
hB0|B(t)i

!
. (2)

Since the meson decays and we do not consider the wave function of final states, the
Hamiltonian H is not hermitian. However, like any other complex matrix, it can be
decomposed in terms of two hermitian matrices, which we label by M and �,

H = M � i
2�. (3)

Since M and � are hermitian, their diagonal elements are real and we have M21 =
M

⇤
12 and �21 = �⇤

21. CPT invariance requires M11 = M22 and �11 = �22. Ignoring
for the moment the interference with phases in the final state, the common phase
of B0 and B

0
is arbitrary such we can choose either the phase of M12 or �12 and

only their phase di↵erence matters. Consequently, the mixing can be parametrized
by five real parameters, which are conventionally chosen to be

M11, �11, |M12|, |�12| and �12 = arg

✓
�M12

�12

◆
. (4)

The mass M11 is determined by the quark masses and strong interaction binding
energy. In the B system it is about 5 GeV and more than ten orders of magnitude
larger than the size of the other elements, which all involve the weak interaction.

The time-evolution of the meson-anti-meson system is described in terms of the
eigenstates of the Hamiltonian. The two mass eigenstates can be written as linear

Chapter 3

Flavor physics beyond the SM: models and predictions

If the physics beyond the SM respects the SM gauge symmetry, as we expect from general arguments,
the corrections to low-energy flavor-violating amplitudes can be written in the following general form

A(fi ! fj +X) = A0


cSM
M2

W

+

cNP

⇤

2

�
, (3.1)

where ⇤ is the energy scale of the new degrees of freedom. This structure is completely general: the
coefficients cSM(NP) may include appropriate CKM factors and eventually a ⇠ 1/(16⇡2

) suppression if
the amplitude is loop-mediated. Given our ignorance about the cNP, the values of the scale ⇤ probed by
present experiments vary over a wide range. However, the general result in Eq. (3.1) allows us to predict
how these bounds will improve with future experiments: the sensitivity on ⇤ scale as N1/4, where
N is the number of events used to measure the observable. This implies that is not easy to increase
substantially the energy reach with indirect NP searches only. Moreover, from Eq. (3.1) it is also clear
that indirect searches can probe NP scales well above the TeV for models where (cSM ⌧ cNP), namely
models which do not respect the symmetries and the symmetry-breaking pattern of the SM.

The bound on representative �F = 2 operators have already been shown in Table 1.1. As can
be seen, for cNP = 1 present data probes very high scales. On the other hand, if we insist with the
theoretical prejudice that NP must show up not far from the TeV scale in order to stabilize the Higgs
sector, then the new degrees of freedom must have a peculiar flavor structure able to justify the smallness
of the effective couplings cNP for ⇤ = 1 TeV.

1 The Minimal Flavor Violation hypothesis
The main idea of MFV is that flavor-violating interactions are linked to the known structure of Yukawa
couplings also beyond the SM. In a more quantitative way, the MFV construction consists in identifying
the flavor symmetry and symmetry-breaking structure of the SM and enforce it also beyond the SM.

The MFV hypothesis consists of two ingredients [49]: (1) a flavor symmetry and (ii) a set of
symmetry-breaking terms. The symmetry is noting but the large global symmetry Gflavor of the SM
Lagrangian in absence of Yukawa couplings shown in Eq. (1.4). Since this global symmetry, and partic-
ularly the SU(3) subgroups controlling quark flavor-changing transitions, is already broken within the
SM, we cannot promote it to be an exact symmetry of the NP model. Some breaking would appear at the
quantum level because of the SM Yukawa interactions. The most restrictive assumption we can make to
protect in a consistent way quark-flavor mixing beyond the SM is to assume that Yd and Yu are the only
sources of flavor symmetry breaking also in the NP model. To implement and interpret this hypothesis
in a consistent way, we can assume that Gq is a good symmetry and promote Yu,d to be non-dynamical
fields (spurions) with non-trivial transformation properties under Gq:

Yu ⇠ (3, ¯3, 1) , Yd ⇠ (3, 1, ¯3) . (3.2)

If the breaking of the symmetry occurs at very high energy scales, at low-energies we would only be
sensitive to the background values of the Y , i.e. to the ordinary SM Yukawa couplings. The role of the
Yukawa in breaking the flavor symmetry becomes similar to the role of the Higgs in the the breaking
of the gauge symmetry. However, in the case of the Yukawa we don’t know (and we do not attempt to
construct) a dynamical model which give rise to this symmetry breaking.
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Operator Bounds on ⇤ in TeV (cNP = 1) Bounds on cNP (⇤ = 1 TeV) Observables
Re Im Re Im

(s̄L�µdL)2 9.8⇥ 10

2
1.6⇥ 10

4
9.0⇥ 10

�7
3.4⇥ 10

�9
�mK ; ✏K

(s̄R dL)(s̄LdR) 1.8⇥ 10

4
3.2⇥ 10

5
6.9⇥ 10

�9
2.6⇥ 10

�11
�mK ; ✏K

(c̄L�µuL)2 1.2⇥ 10

3
2.9⇥ 10

3
5.6⇥ 10

�7
1.0⇥ 10

�7
�mD; |q/p|,�D

(c̄R uL)(c̄LuR) 6.2⇥ 10

3
1.5⇥ 10

4
5.7⇥ 10

�8
1.1⇥ 10

�8
�mD; |q/p|,�D

(

¯bL�µdL)2 6.6⇥ 10

2
9.3⇥ 10

2
2.3⇥ 10

�6
1.1⇥ 10

�6
�mBd

; S KS

(¯bR dL)(¯bLdR) 2.5⇥ 10

3
3.6⇥ 10

3
3.9⇥ 10

�7
1.9⇥ 10

�7
�mBd

; S KS

(

¯bL�µsL)2 1.4⇥ 10

2
2.5⇥ 10

2
5.0⇥ 10

�5
1.7⇥ 10

�5
�mBs ; S �

(¯bR sL)(¯bLsR) 4.8⇥ 10

2
8.3⇥ 10

2
8.8⇥ 10

�6
2.9⇥ 10

�6
�mBs ; S �

Table 1.1: Bounds on representative dimension-six �F = 2 operators, assuming an effective coupling cNP/⇤2.
The bounds are quoted on ⇤, setting |cNP| = 1, or on cNP, setting ⇤ = 1 TeV. The right column denotes the main
observables used to derive these bounds (see next chapter for more details).

where i, j are flavor indexes in the basis defined by Eq. (1.6). These operators contribute at the tree-level
to the meson-antimeson mixing amplitudes. Denoting cij the couplings of the non-standard operators in
(1.21), the condition |MNP

�F=2| < |MSM
�F=2| implies

⇤ <
3.4 TeV

|V ⇤
3iV3j |/|cij |1/2

<

8
<

:

9⇥ 10

3
TeV ⇥ |c21|1/2 from K0 � ¯K0

4⇥ 10

2
TeV ⇥ |c31|1/2 from Bd � ¯Bd

7⇥ 10

1
TeV ⇥ |c32|1/2 from Bs � ¯Bs

(1.22)

A more refined analysis, with complete statistical treatment and separate bounds for the real and
the imaginary parts of the various amplitudes, considering also operators with different Dirac structure,
is reported in Table 1.1.2 The main messages of these bounds are the following:

– New physics models with a generic flavor structure (cij of order 1) at the TeV scale are ruled out.
If we want to keep ⇤ in the TeV range, physics beyond the SM must have a highly non-generic
flavor structure.

– In the specific case of the �F = 2 operators in (1.21), in order to keep ⇤ in the TeV range, we
must find a symmetry argument such that |cij | <⇠ |V ⇤

3iV3j |2.

The strong constraining power of �F = 2 observables is a consequence of their strong suppres-
sion within the SM. They are suppressed not only by the typical 1/(4⇡)2 factor of loop amplitudes, but
also by the GIM mechanism [14] and by the hierarchy of the CKM matrix (|V3i| ⌧ 1, for i 6= 3). Re-
producing a similar structure beyond the SM is a highly non-trivial task. As we will discuss in the last
lecture, only in a few cases this can be implemented in a natural way.

To conclude, we stress that the good agreement of SM and experiments for Bd and K0 mixing
does not imply that further studies of flavor physics are not interesting. On the one hand, even for
|cij | ⇡ |V ⇤

3iV3j |, which can be considered the most pessimistic case, as we will discuss in Sect. 1, we are
presently constraining physics at the TeV scale. Therefore improving these bounds, if possible, would
be extremely valuable. One the other hand, as we will discuss in the next lecture, there are various
interesting observables which have not been deeply investigated yet, whose study could reveal additional
key features about the flavor structure of physics beyond the SM.

2Table 1.1 updates the corresponding table of Ref. [5] taking into account the recent measurements in the Bs system.

10

Isidori, Nir, Peres, arXiv:1002.900
Isidori arXiv:1302.0661



The Flavor puzzle!

Flavor transitions can be parameterized in terms of operators, 
coupling and mass scale

The Flavor puzzle: If NP is at 1 TeV the coupling should be small or if 
the couplings are 0(1) the NP is a higher scale than 1 Tev! or the 
flavour structure of NP is ‘aligned’ with the flavour in SM (Minimum 
Flavour Violation MFV)
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searches allow us to access new particles produced virtually in loop processes. In indirect
searches, flavour observables play a key-role to explore New Physics at higher energy scales.

This chapter is devoted to the theoretical description of rare processes involving FCNCs,
with particular attention to the B0

d ! µ

+
µ

� and B0
s ! µ

+
µ

� decays. The search for such rare
decays ultimately aims at testing the Standard Model of particle interactions and eventually
uncovering New Physics beyond the Standard Model.

�.� Flavour Changing Neutral Currents
Flavour Changing Neutral Currents are absent at the tree level in the Standard Model.
Charged currents mediated by W± bosons can instead violate flavour, therefore one can
use a W boson in a loop to create an overall Flavour Changing Neutral process: FCNC pro-
cesses are thus possible at higher orders. The diagrams in 2 represent decay amplitudes at
the level of elementary particles (quarks, leptons, bosons).

(a)

Figure 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Feynman diagrams of the SM processes contributing to B0

s ! µ

+
µ

� decays, involving top quarks and W bosons: Z0-
penguin diagrams on the left and box diagram on the right. Self energy (gluonic) corrections and Higgs contributions
are here not considered.

To actually calculate a decay rate, one needs to account for the fact that quarks are con-
fined inside hadrons, bound by the exchange of soft gluons. The case of the B0

s(d) ! µ

+
µ

�

decay is the cleanest possible exclusive B-decay: due to the purely leptonic final state, all
non-perturbative effects can be confined to a single parameter, the B-meson decay constant,
defined via the axial-vector current matrix element [28]:

⌦
0|q̄g

µ

g5b|B̄q(p)
↵
= ip

µ

FBq , (11)

where p
µ

is the four-momentum of the initial B-meson and q represents the d or s quark.
Theoretical calculations of hadronic decay rates are based on effective Hamiltonians of

the type [29]:

Heff =
GFp

2 Â
i

Ci(µ)Qi(µ) , (12)

and the decay amplitude for a meson |Mi (e.g. K, D, B) into a final state |Fi (e.g. pp, µµ),
is given by

A(M ! F) = hF| Heff |Mi = GFp
2 Â

i
Ci(µ) hF| Qi(µ) |Mi . (13)
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Fig. 1. Leading order diagrams for neutral meson mixing in the SM.

2. Beauty mixing phenomenology in a nutshell

Excellent pedagogical introductions to neutral meson mixing can be found in
textbooks4, recent reviews5,6 and lecture notes.7,8 An up-to-date review of exper-
imental constraints on B meson mixing can also be found in the PDG.9 The fol-
lowing discussion applies to neutral mesons of any kind. However, we shall denote
the flavour eigenstate with the symbol B0 for beauty meson and use numerical
estimates that apply to B

0
s and B

0
d .

2.1. Time-evolution of the B0
-B

0
system

Consider the wave function B
0(t) for a neutral meson that is the superposition of

flavour eigenstates B
0 and B

0
. The time-evolution of its projections into flavour

eigenstates is given by a Schrödinger equation

i
d

dt

 
hB0|B(t)i
hB0|B(t)i

!
=

✓
H11 H12

H21 H22

◆  hB0|B(t)i
hB0|B(t)i

!
. (2)

Since the meson decays and we do not consider the wave function of final states, the
Hamiltonian H is not hermitian. However, like any other complex matrix, it can be
decomposed in terms of two hermitian matrices, which we label by M and �,

H = M � i
2�. (3)

Since M and � are hermitian, their diagonal elements are real and we have M21 =
M

⇤
12 and �21 = �⇤

21. CPT invariance requires M11 = M22 and �11 = �22. Ignoring
for the moment the interference with phases in the final state, the common phase
of B0 and B

0
is arbitrary such we can choose either the phase of M12 or �12 and

only their phase di↵erence matters. Consequently, the mixing can be parametrized
by five real parameters, which are conventionally chosen to be

M11, �11, |M12|, |�12| and �12 = arg

✓
�M12

�12

◆
. (4)

The mass M11 is determined by the quark masses and strong interaction binding
energy. In the B system it is about 5 GeV and more than ten orders of magnitude
larger than the size of the other elements, which all involve the weak interaction.

The time-evolution of the meson-anti-meson system is described in terms of the
eigenstates of the Hamiltonian. The two mass eigenstates can be written as linear

Chapter 3

Flavor physics beyond the SM: models and predictions

If the physics beyond the SM respects the SM gauge symmetry, as we expect from general arguments,
the corrections to low-energy flavor-violating amplitudes can be written in the following general form

A(fi ! fj +X) = A0


cSM
M2

W

+

cNP

⇤

2

�
, (3.1)

where ⇤ is the energy scale of the new degrees of freedom. This structure is completely general: the
coefficients cSM(NP) may include appropriate CKM factors and eventually a ⇠ 1/(16⇡2

) suppression if
the amplitude is loop-mediated. Given our ignorance about the cNP, the values of the scale ⇤ probed by
present experiments vary over a wide range. However, the general result in Eq. (3.1) allows us to predict
how these bounds will improve with future experiments: the sensitivity on ⇤ scale as N1/4, where
N is the number of events used to measure the observable. This implies that is not easy to increase
substantially the energy reach with indirect NP searches only. Moreover, from Eq. (3.1) it is also clear
that indirect searches can probe NP scales well above the TeV for models where (cSM ⌧ cNP), namely
models which do not respect the symmetries and the symmetry-breaking pattern of the SM.

The bound on representative �F = 2 operators have already been shown in Table 1.1. As can
be seen, for cNP = 1 present data probes very high scales. On the other hand, if we insist with the
theoretical prejudice that NP must show up not far from the TeV scale in order to stabilize the Higgs
sector, then the new degrees of freedom must have a peculiar flavor structure able to justify the smallness
of the effective couplings cNP for ⇤ = 1 TeV.

1 The Minimal Flavor Violation hypothesis
The main idea of MFV is that flavor-violating interactions are linked to the known structure of Yukawa
couplings also beyond the SM. In a more quantitative way, the MFV construction consists in identifying
the flavor symmetry and symmetry-breaking structure of the SM and enforce it also beyond the SM.

The MFV hypothesis consists of two ingredients [49]: (1) a flavor symmetry and (ii) a set of
symmetry-breaking terms. The symmetry is noting but the large global symmetry Gflavor of the SM
Lagrangian in absence of Yukawa couplings shown in Eq. (1.4). Since this global symmetry, and partic-
ularly the SU(3) subgroups controlling quark flavor-changing transitions, is already broken within the
SM, we cannot promote it to be an exact symmetry of the NP model. Some breaking would appear at the
quantum level because of the SM Yukawa interactions. The most restrictive assumption we can make to
protect in a consistent way quark-flavor mixing beyond the SM is to assume that Yd and Yu are the only
sources of flavor symmetry breaking also in the NP model. To implement and interpret this hypothesis
in a consistent way, we can assume that Gq is a good symmetry and promote Yu,d to be non-dynamical
fields (spurions) with non-trivial transformation properties under Gq:

Yu ⇠ (3, ¯3, 1) , Yd ⇠ (3, 1, ¯3) . (3.2)

If the breaking of the symmetry occurs at very high energy scales, at low-energies we would only be
sensitive to the background values of the Y , i.e. to the ordinary SM Yukawa couplings. The role of the
Yukawa in breaking the flavor symmetry becomes similar to the role of the Higgs in the the breaking
of the gauge symmetry. However, in the case of the Yukawa we don’t know (and we do not attempt to
construct) a dynamical model which give rise to this symmetry breaking.
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Operator Bounds on ⇤ in TeV (cNP = 1) Bounds on cNP (⇤ = 1 TeV) Observables
Re Im Re Im

(s̄L�µdL)2 9.8⇥ 10

2
1.6⇥ 10

4
9.0⇥ 10

�7
3.4⇥ 10

�9
�mK ; ✏K

(s̄R dL)(s̄LdR) 1.8⇥ 10

4
3.2⇥ 10

5
6.9⇥ 10

�9
2.6⇥ 10

�11
�mK ; ✏K

(c̄L�µuL)2 1.2⇥ 10

3
2.9⇥ 10

3
5.6⇥ 10

�7
1.0⇥ 10

�7
�mD; |q/p|,�D

(c̄R uL)(c̄LuR) 6.2⇥ 10

3
1.5⇥ 10

4
5.7⇥ 10

�8
1.1⇥ 10

�8
�mD; |q/p|,�D

(

¯bL�µdL)2 6.6⇥ 10

2
9.3⇥ 10

2
2.3⇥ 10

�6
1.1⇥ 10

�6
�mBd

; S KS

(¯bR dL)(¯bLdR) 2.5⇥ 10

3
3.6⇥ 10

3
3.9⇥ 10

�7
1.9⇥ 10

�7
�mBd

; S KS

(

¯bL�µsL)2 1.4⇥ 10

2
2.5⇥ 10

2
5.0⇥ 10

�5
1.7⇥ 10

�5
�mBs ; S �

(¯bR sL)(¯bLsR) 4.8⇥ 10

2
8.3⇥ 10

2
8.8⇥ 10

�6
2.9⇥ 10

�6
�mBs ; S �

Table 1.1: Bounds on representative dimension-six �F = 2 operators, assuming an effective coupling cNP/⇤2.
The bounds are quoted on ⇤, setting |cNP| = 1, or on cNP, setting ⇤ = 1 TeV. The right column denotes the main
observables used to derive these bounds (see next chapter for more details).

where i, j are flavor indexes in the basis defined by Eq. (1.6). These operators contribute at the tree-level
to the meson-antimeson mixing amplitudes. Denoting cij the couplings of the non-standard operators in
(1.21), the condition |MNP

�F=2| < |MSM
�F=2| implies

⇤ <
3.4 TeV

|V ⇤
3iV3j |/|cij |1/2

<

8
<

:

9⇥ 10

3
TeV ⇥ |c21|1/2 from K0 � ¯K0

4⇥ 10

2
TeV ⇥ |c31|1/2 from Bd � ¯Bd

7⇥ 10

1
TeV ⇥ |c32|1/2 from Bs � ¯Bs

(1.22)

A more refined analysis, with complete statistical treatment and separate bounds for the real and
the imaginary parts of the various amplitudes, considering also operators with different Dirac structure,
is reported in Table 1.1.2 The main messages of these bounds are the following:

– New physics models with a generic flavor structure (cij of order 1) at the TeV scale are ruled out.
If we want to keep ⇤ in the TeV range, physics beyond the SM must have a highly non-generic
flavor structure.

– In the specific case of the �F = 2 operators in (1.21), in order to keep ⇤ in the TeV range, we
must find a symmetry argument such that |cij | <⇠ |V ⇤

3iV3j |2.

The strong constraining power of �F = 2 observables is a consequence of their strong suppres-
sion within the SM. They are suppressed not only by the typical 1/(4⇡)2 factor of loop amplitudes, but
also by the GIM mechanism [14] and by the hierarchy of the CKM matrix (|V3i| ⌧ 1, for i 6= 3). Re-
producing a similar structure beyond the SM is a highly non-trivial task. As we will discuss in the last
lecture, only in a few cases this can be implemented in a natural way.

To conclude, we stress that the good agreement of SM and experiments for Bd and K0 mixing
does not imply that further studies of flavor physics are not interesting. On the one hand, even for
|cij | ⇡ |V ⇤

3iV3j |, which can be considered the most pessimistic case, as we will discuss in Sect. 1, we are
presently constraining physics at the TeV scale. Therefore improving these bounds, if possible, would
be extremely valuable. One the other hand, as we will discuss in the next lecture, there are various
interesting observables which have not been deeply investigated yet, whose study could reveal additional
key features about the flavor structure of physics beyond the SM.

2Table 1.1 updates the corresponding table of Ref. [5] taking into account the recent measurements in the Bs system.
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2.1 Flavour Changing Neutral Currents 7

searches allow us to access new particles produced virtually in loop processes. In indirect
searches, flavour observables play a key-role to explore New Physics at higher energy scales.

This chapter is devoted to the theoretical description of rare processes involving FCNCs,
with particular attention to the B0

d ! µ

+
µ

� and B0
s ! µ

+
µ

� decays. The search for such rare
decays ultimately aims at testing the Standard Model of particle interactions and eventually
uncovering New Physics beyond the Standard Model.

�.� Flavour Changing Neutral Currents
Flavour Changing Neutral Currents are absent at the tree level in the Standard Model.
Charged currents mediated by W± bosons can instead violate flavour, therefore one can
use a W boson in a loop to create an overall Flavour Changing Neutral process: FCNC pro-
cesses are thus possible at higher orders. The diagrams in 2 represent decay amplitudes at
the level of elementary particles (quarks, leptons, bosons).

(a)

Figure 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Feynman diagrams of the SM processes contributing to B0

s ! µ

+
µ

� decays, involving top quarks and W bosons: Z0-
penguin diagrams on the left and box diagram on the right. Self energy (gluonic) corrections and Higgs contributions
are here not considered.

To actually calculate a decay rate, one needs to account for the fact that quarks are con-
fined inside hadrons, bound by the exchange of soft gluons. The case of the B0

s(d) ! µ

+
µ

�

decay is the cleanest possible exclusive B-decay: due to the purely leptonic final state, all
non-perturbative effects can be confined to a single parameter, the B-meson decay constant,
defined via the axial-vector current matrix element [28]:

⌦
0|q̄g

µ

g5b|B̄q(p)
↵
= ip

µ

FBq , (11)

where p
µ

is the four-momentum of the initial B-meson and q represents the d or s quark.
Theoretical calculations of hadronic decay rates are based on effective Hamiltonians of

the type [29]:

Heff =
GFp

2 Â
i

Ci(µ)Qi(µ) , (12)

and the decay amplitude for a meson |Mi (e.g. K, D, B) into a final state |Fi (e.g. pp, µµ),
is given by

A(M ! F) = hF| Heff |Mi = GFp
2 Â

i
Ci(µ) hF| Qi(µ) |Mi . (13)
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Fig. 1. Leading order diagrams for neutral meson mixing in the SM.

2. Beauty mixing phenomenology in a nutshell

Excellent pedagogical introductions to neutral meson mixing can be found in
textbooks4, recent reviews5,6 and lecture notes.7,8 An up-to-date review of exper-
imental constraints on B meson mixing can also be found in the PDG.9 The fol-
lowing discussion applies to neutral mesons of any kind. However, we shall denote
the flavour eigenstate with the symbol B0 for beauty meson and use numerical
estimates that apply to B

0
s and B

0
d .

2.1. Time-evolution of the B0
-B

0
system

Consider the wave function B
0(t) for a neutral meson that is the superposition of

flavour eigenstates B
0 and B

0
. The time-evolution of its projections into flavour

eigenstates is given by a Schrödinger equation

i
d

dt

 
hB0|B(t)i
hB0|B(t)i

!
=

✓
H11 H12

H21 H22

◆  hB0|B(t)i
hB0|B(t)i

!
. (2)

Since the meson decays and we do not consider the wave function of final states, the
Hamiltonian H is not hermitian. However, like any other complex matrix, it can be
decomposed in terms of two hermitian matrices, which we label by M and �,

H = M � i
2�. (3)

Since M and � are hermitian, their diagonal elements are real and we have M21 =
M

⇤
12 and �21 = �⇤

21. CPT invariance requires M11 = M22 and �11 = �22. Ignoring
for the moment the interference with phases in the final state, the common phase
of B0 and B

0
is arbitrary such we can choose either the phase of M12 or �12 and

only their phase di↵erence matters. Consequently, the mixing can be parametrized
by five real parameters, which are conventionally chosen to be

M11, �11, |M12|, |�12| and �12 = arg

✓
�M12

�12

◆
. (4)

The mass M11 is determined by the quark masses and strong interaction binding
energy. In the B system it is about 5 GeV and more than ten orders of magnitude
larger than the size of the other elements, which all involve the weak interaction.

The time-evolution of the meson-anti-meson system is described in terms of the
eigenstates of the Hamiltonian. The two mass eigenstates can be written as linear

Chapter 3

Flavor physics beyond the SM: models and predictions

If the physics beyond the SM respects the SM gauge symmetry, as we expect from general arguments,
the corrections to low-energy flavor-violating amplitudes can be written in the following general form

A(fi ! fj +X) = A0


cSM
M2

W

+

cNP

⇤

2

�
, (3.1)

where ⇤ is the energy scale of the new degrees of freedom. This structure is completely general: the
coefficients cSM(NP) may include appropriate CKM factors and eventually a ⇠ 1/(16⇡2

) suppression if
the amplitude is loop-mediated. Given our ignorance about the cNP, the values of the scale ⇤ probed by
present experiments vary over a wide range. However, the general result in Eq. (3.1) allows us to predict
how these bounds will improve with future experiments: the sensitivity on ⇤ scale as N1/4, where
N is the number of events used to measure the observable. This implies that is not easy to increase
substantially the energy reach with indirect NP searches only. Moreover, from Eq. (3.1) it is also clear
that indirect searches can probe NP scales well above the TeV for models where (cSM ⌧ cNP), namely
models which do not respect the symmetries and the symmetry-breaking pattern of the SM.

The bound on representative �F = 2 operators have already been shown in Table 1.1. As can
be seen, for cNP = 1 present data probes very high scales. On the other hand, if we insist with the
theoretical prejudice that NP must show up not far from the TeV scale in order to stabilize the Higgs
sector, then the new degrees of freedom must have a peculiar flavor structure able to justify the smallness
of the effective couplings cNP for ⇤ = 1 TeV.

1 The Minimal Flavor Violation hypothesis
The main idea of MFV is that flavor-violating interactions are linked to the known structure of Yukawa
couplings also beyond the SM. In a more quantitative way, the MFV construction consists in identifying
the flavor symmetry and symmetry-breaking structure of the SM and enforce it also beyond the SM.

The MFV hypothesis consists of two ingredients [49]: (1) a flavor symmetry and (ii) a set of
symmetry-breaking terms. The symmetry is noting but the large global symmetry Gflavor of the SM
Lagrangian in absence of Yukawa couplings shown in Eq. (1.4). Since this global symmetry, and partic-
ularly the SU(3) subgroups controlling quark flavor-changing transitions, is already broken within the
SM, we cannot promote it to be an exact symmetry of the NP model. Some breaking would appear at the
quantum level because of the SM Yukawa interactions. The most restrictive assumption we can make to
protect in a consistent way quark-flavor mixing beyond the SM is to assume that Yd and Yu are the only
sources of flavor symmetry breaking also in the NP model. To implement and interpret this hypothesis
in a consistent way, we can assume that Gq is a good symmetry and promote Yu,d to be non-dynamical
fields (spurions) with non-trivial transformation properties under Gq:

Yu ⇠ (3, ¯3, 1) , Yd ⇠ (3, 1, ¯3) . (3.2)

If the breaking of the symmetry occurs at very high energy scales, at low-energies we would only be
sensitive to the background values of the Y , i.e. to the ordinary SM Yukawa couplings. The role of the
Yukawa in breaking the flavor symmetry becomes similar to the role of the Higgs in the the breaking
of the gauge symmetry. However, in the case of the Yukawa we don’t know (and we do not attempt to
construct) a dynamical model which give rise to this symmetry breaking.

26

Operator Bounds on ⇤ in TeV (cNP = 1) Bounds on cNP (⇤ = 1 TeV) Observables
Re Im Re Im

(s̄L�µdL)2 9.8⇥ 10

2
1.6⇥ 10

4
9.0⇥ 10

�7
3.4⇥ 10

�9
�mK ; ✏K

(s̄R dL)(s̄LdR) 1.8⇥ 10

4
3.2⇥ 10

5
6.9⇥ 10

�9
2.6⇥ 10

�11
�mK ; ✏K

(c̄L�µuL)2 1.2⇥ 10

3
2.9⇥ 10

3
5.6⇥ 10

�7
1.0⇥ 10

�7
�mD; |q/p|,�D

(c̄R uL)(c̄LuR) 6.2⇥ 10

3
1.5⇥ 10

4
5.7⇥ 10

�8
1.1⇥ 10

�8
�mD; |q/p|,�D

(

¯bL�µdL)2 6.6⇥ 10

2
9.3⇥ 10

2
2.3⇥ 10

�6
1.1⇥ 10

�6
�mBd

; S KS

(¯bR dL)(¯bLdR) 2.5⇥ 10

3
3.6⇥ 10

3
3.9⇥ 10

�7
1.9⇥ 10

�7
�mBd

; S KS

(

¯bL�µsL)2 1.4⇥ 10

2
2.5⇥ 10

2
5.0⇥ 10

�5
1.7⇥ 10

�5
�mBs ; S �

(¯bR sL)(¯bLsR) 4.8⇥ 10

2
8.3⇥ 10

2
8.8⇥ 10

�6
2.9⇥ 10

�6
�mBs ; S �

Table 1.1: Bounds on representative dimension-six �F = 2 operators, assuming an effective coupling cNP/⇤2.
The bounds are quoted on ⇤, setting |cNP| = 1, or on cNP, setting ⇤ = 1 TeV. The right column denotes the main
observables used to derive these bounds (see next chapter for more details).

where i, j are flavor indexes in the basis defined by Eq. (1.6). These operators contribute at the tree-level
to the meson-antimeson mixing amplitudes. Denoting cij the couplings of the non-standard operators in
(1.21), the condition |MNP

�F=2| < |MSM
�F=2| implies

⇤ <
3.4 TeV

|V ⇤
3iV3j |/|cij |1/2

<

8
<

:

9⇥ 10

3
TeV ⇥ |c21|1/2 from K0 � ¯K0

4⇥ 10

2
TeV ⇥ |c31|1/2 from Bd � ¯Bd

7⇥ 10

1
TeV ⇥ |c32|1/2 from Bs � ¯Bs

(1.22)

A more refined analysis, with complete statistical treatment and separate bounds for the real and
the imaginary parts of the various amplitudes, considering also operators with different Dirac structure,
is reported in Table 1.1.2 The main messages of these bounds are the following:

– New physics models with a generic flavor structure (cij of order 1) at the TeV scale are ruled out.
If we want to keep ⇤ in the TeV range, physics beyond the SM must have a highly non-generic
flavor structure.

– In the specific case of the �F = 2 operators in (1.21), in order to keep ⇤ in the TeV range, we
must find a symmetry argument such that |cij | <⇠ |V ⇤

3iV3j |2.

The strong constraining power of �F = 2 observables is a consequence of their strong suppres-
sion within the SM. They are suppressed not only by the typical 1/(4⇡)2 factor of loop amplitudes, but
also by the GIM mechanism [14] and by the hierarchy of the CKM matrix (|V3i| ⌧ 1, for i 6= 3). Re-
producing a similar structure beyond the SM is a highly non-trivial task. As we will discuss in the last
lecture, only in a few cases this can be implemented in a natural way.

To conclude, we stress that the good agreement of SM and experiments for Bd and K0 mixing
does not imply that further studies of flavor physics are not interesting. On the one hand, even for
|cij | ⇡ |V ⇤

3iV3j |, which can be considered the most pessimistic case, as we will discuss in Sect. 1, we are
presently constraining physics at the TeV scale. Therefore improving these bounds, if possible, would
be extremely valuable. One the other hand, as we will discuss in the next lecture, there are various
interesting observables which have not been deeply investigated yet, whose study could reveal additional
key features about the flavor structure of physics beyond the SM.

2Table 1.1 updates the corresponding table of Ref. [5] taking into account the recent measurements in the Bs system.

10

Isidori, 2013

Mass scale of New Physics (new colored & flavored particles) 

< 1 TeV
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SM (MFV)
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misalignment
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NP within direct 
reach @ 8 TeV

NP within reach
@ 14 TeV

NP beyond direct 
searches @ LHC

 huge
[ > O(1) ]

sizable
[ O(1) ]

small
[ O(10%) ]

sizable
[ O(1) ]

sizable/small
[ < O(1) ]

small
[ O(10%) ]

tiny
[ O(1%) ]

small/tiny
[ O(1-10%) ]

not visible
[ < 1% ]

NP effects in Quark Flavor Physics:

Direct New Physics searches @ high pT:

Simplifying 
a complicated
multi-dim.
problem...

G. Isidori –  Future prospects in kaon physics: some remarks                    LHCb Meeting, CERN, Dec. 2013

Isidori, Nir, Peres, arXiv:1002.900
Isidori arXiv:1302.0661



LHC: a beauty and charm factory
 b hadrons in forward direcion, 2<η<5, and “low” PT 

 but in a ‘dirty’ hadronic emvironment

7
5

13"

b and c quark production in the LHC environment!

Complementary acceptances !
LHCb acceptance : 2 < η < 5  - ATLAS, CMS: |η| < 2.5 !
ALICE   |η| < 0.9 and - 4< η < - 2.5!

Large cross sections, huge background!
!
•  inelastic pp collisions σ ~ 60 mb (7 TeV)!
•  c quark production σ ~ 6 mb (7 TeV)!
•  b quark production σ ~ 0.3 mb (7 TeV)!
!
All c- and b- hadrons types produced!
(access to b-baryons and b excited states)!
Rich spectroscopy – huge samples of c-mesons!

13"

b and c quark production in the LHC environment!

Complementary acceptances !
LHCb acceptance : 2 < η < 5  - ATLAS, CMS: |η| < 2.5 !
ALICE   |η| < 0.9 and - 4< η < - 2.5!

Large cross sections, huge background!
!
•  inelastic pp collisions σ ~ 60 mb (7 TeV)!
•  c quark production σ ~ 6 mb (7 TeV)!
•  b quark production σ ~ 0.3 mb (7 TeV)!
!
All c- and b- hadrons types produced!
(access to b-baryons and b excited states)!
Rich spectroscopy – huge samples of c-mesons!

�(pp ! inel) = 60 mb
�(pp ! cc̄) = 6
�(pp ! bb̄) = 0.3

The LHCb collaboration

⇠900 physicists from 64 universities/laboratories in 16 countries.

Running since 2010, Link to > 160 papers.
O(100k) bb pairs produced/sec.

• Rare B decays

• CP violation in the B0
s system

• Charm physics

• Spectroscopy

• QCD and electroweak
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LHCb: Leveling the luminosity

ATLAS/CMS luminosity: ~25 primary interactions, LHCb can cope with ~2

Due to radiation, occupancy and PID performance

ReduceD lnstantaneous Luminosity: L ~ 2-4 1032 cm-2s-1

Lateraly displaced from head on collision to reduce inst. luminosity

8

9

➡

Luminosity levelling

2010

2011

(1 fb�1 @7TeV)

2012

(2 fb�1 @8TeV)

E�ciency > 93%

LHCb designed to run at lower luminosity than ATLAS/CMS.
LHCb tracking/PID is sensitive to pile-up.

LHC pp beams are displaced to reduce instantaneous luminosity - stable running
conditions.

hLi2011 ⇠ 2.7⇥ 1032cm�2
s

�1

hLi2012 ⇠ 4.0⇥ 1032cm�2
s

�1
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Luminosity

Integrated Luminosity: 1 fb-1(2011) 2 fb-1(2012)

efficiency >93%

Relevant decays have small BR, with selection efficiencies, we expect O(104) to 
few events per fb-1!

Most analysis use 1 fb-1, few with 3 fb-1, expect most data analyzed  in 2014!

9

8



Detector requirements

Identify specific B(s) decays and separate them 
from background!

Good secondary vertex resolution

Good mass resolution, resolve B(s), D(s)

Particle Identification (PID) p/π/K/µ/e

Trigger on hadrons, µ, di-µ, e, γ

10

6

LHCb (a dedicated Flavor Physics experiment)!

Excellent vertex resolution to resolve fast oscillation of Bs (σ~ 40 fs)!
!
Background rejection (S/B=1/200 at production)!
!Excellent particle ID (π, K, p, e, γ, µ) - Precise momentum resolution (~0.5%)"

"
Trigger capability!
!Efficient selection of hadronic and leptonic final states!
!Low pT single µ detection (>1.5 GeV) !
!Good efficiency also for charm hadronic decays (LHC is a charm factory !)!
!
Lower luminosity (~ 4 1032 cm-2s-1) and lower pile-up (~ 2 events/pp crossing) !

12"

velo 

rich1 rich2 

‣
‣
‣

ECAL

RICH-1

HCAL
MUONtracker:

strawtubes/Si strips RICH-1I

6

LHCb (a dedicated Flavor Physics experiment)!

Excellent vertex resolution to resolve fast oscillation of Bs (σ~ 40 fs)!
!
Background rejection (S/B=1/200 at production)!
!Excellent particle ID (π, K, p, e, γ, µ) - Precise momentum resolution (~0.5%)"

"
Trigger capability!
!Efficient selection of hadronic and leptonic final states!
!Low pT single µ detection (>1.5 GeV) !
!Good efficiency also for charm hadronic decays (LHC is a charm factory !)!
!
Lower luminosity (~ 4 1032 cm-2s-1) and lower pile-up (~ 2 events/pp crossing) !
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‣
‣
‣
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HCAL
MUONtracker:
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300 mrad



LHCb detector
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The Velo detector

Velo detector

Si strips (r,𝜙) sensors, in vacuum and RF foil

retractable: 8 mm from the beam line!

PV resolution: 13 µm (x,y), 69 µm (z)

proper time resolution σt~45 fs!

Impact parameter,IP, <20 µm (PT>2 GeV)

12

The vertex locator 2008 JINST 3 S08005
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 = 7 TeVs

2011 Data

LHCb VELO Preliminary
mµ T = 13.2 + 24.7/pσ

T
 Resolution Vs 1/pXIP

21 silicon strip detectors, 8mm from beam line.

Operates in vacuum, separated from LHC vacuum by 300µm Al foil.

Primary vertex resolution ⇠ 13, 13, 69µm in x, y, z.

IP resolution of tracks with pT > 2GeV/c2 is ⇠ 20µm.

Decay time resolution ⇠ 45 fs for many B decay channels.
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crucial:

Trigger (hadrons, single muon)

Secondary Vertices (B(s) decays)

Oscillation



The tracking system

Tracking system:

Velo+TT+T-stations

central: silicon strips, external: straw tubes

Aligned to 14 µm using J/ψ→µµ, D0→Kπ

efficiency 98%

Δp/p ≃ 0.5%

13

Crucial:

trigger: large PT and good 𝜒2 

mass resolution:

σ(B(s)→J/ψX) ≃8 MeV

σ(B(s)→µµ) ≃23 MeV

Tracking 2008 JINST 3 S08005

Silicon microstrip detectors closest to
beam pipe.

Straw tubes cover larger area.

Aligned to ⇠ 14µm using large samples
of J/ ! µµ, D0 ! K⇡.

�p/p ⇠ 0.5%.

Mass resolution ⇠ 8MeV/c2 for
b ! J/ X decays.

� ⇠ 15MeV/c2

Tag-and-probe J/ 
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Tracking 2008 JINST 3 S08005

Silicon microstrip detectors closest to
beam pipe.

Straw tubes cover larger area.

Aligned to ⇠ 14µm using large samples
of J/ ! µµ, D0 ! K⇡.

�p/p ⇠ 0.5%.

Mass resolution ⇠ 8MeV/c2 for
b ! J/ X decays.

� ⇠ 15MeV/c2

Tag-and-probe J/ 
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PID

PID:

Riches:Gas radiatios and aerogel, 
Photomultiplies tubes

Efficiency/Rejection using ΔLL

Calibrated with data: J/ψ→µµ, tag and probe, 
D*-→D(Kπ)π-

14

Particle ID arXiv:1211.6759

Gas radiators (C4F10,CF4) +
aerogel.

Photomultiplier tubes to detect
Cerenkov light.

Excellent for suppressing
backgrounds.

Muon-ID: "(µ ! µ) ⇠
97%, "(⇡ ! µ) ⇠ 1� 3%

No PID with PID
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Crucial:

trigger: µ-ID (di-µ)

Separation of B(s)→hh’ (h=π,K)

Separation B±→DK± from B±→Dπ±

Rejection of bkg:  B(s)→µµ, due to B→hh’, 
with h(h’) misID by µ

2013 JINST 8 P10020
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Figure 6. IsMuon efficiency eIM (a) and √IM for protons (b), pions (c) and kaons (d) as a function of
momentum for different ranges of the number of trajectories reconstructed in the event (ntracks).

corresponding to the IsMuon requirement. For tracks with p > 10 GeV/c, the muon efficiency is
independent of momentum up to muDLL⇠2. To achieve a misidentification probability indepen-
dent from the momentum, the value of the muDLL cut must depend on particle momentum. By
applying a muDLL cut irrespective of the momentum, the misidentification probabilities show a
strong momentum dependence.

As an example, when requiring muDLL�1.74, a cut that provides a final muon efficiency of
93.2%, the final misidentification probabilities are 0.21%, 0.78% and 0.52% for protons, kaons and
pions respectively. This cut, which provides a sharp decrease of 5% of the efficiency with respect
to the IsMuon efficiency, is used here as an example only for a clear comparison between the muon
DLL and the DLL. Since the average efficiency and misidentification probabilities values are given
for our calibration samples, which have their particular momentum and pT spectrum, they can be
different for samples with different kinematic distributions.

The momentum dependence of emuDLL and of √muDLL for particles satisfying this particular
cut, muDLL�1.74, are shown in figure 8, compared to the IsMuon requirement alone and a tighter
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Trigger

High efficiency, manageable data size

Trigger on different B (D) decays:

Inclusive/Exclusive

Handles:

PT signals, IP tracks, displaced Secondary Vertices 
(SV), muons

Identify events TOS (Trigger on Signal)/TIS 
(Trigger Independent of Signal), => trigger 
efficiency!

15
7

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger
Introduce tracking/PID information, 
find displaced tracks/vertices
Offline reconstruction tuned to trigger 
time constraints
Mixture of exclusive and inclusive 
selection algorithms

2 kHz 
Inclusive

Topological

5 kHz Rate to storage
2 kHz 

Inclusive/
Exclusive 

Charm

1 kHz
Muon and 
DiMuon

The trigger arXiv:1211.3055

Approach: try to maintain high e�ciency for manageable data rates.

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
μ/μμ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHZ 
readout, high ET/PT signatures

Software High Level Trigger

29000 Logical CPU cores

Offline reconstruction tuned to 
trigger time constraints

Mixture of exclusive and inclusive 
selection algorithms

2 kHz 
Inclusive

Topological

5 kHZ Rate to storage

2 kHz 
Inclusive/
Exclusive 

Charm

1 kHz
Muon and 
DiMuon

DiMuon trigger

LHCb-PUB-2012-017

Lower e�ciency for

multi-body final states
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LHCb (a dedicated Flavor Physics experiment)!

Excellent vertex resolution to resolve fast oscillation of Bs (σ~ 40 fs)!
!
Background rejection (S/B=1/200 at production)!
!Excellent particle ID (π, K, p, e, γ, µ) - Precise momentum resolution (~0.5%)"

"
Trigger capability!
!Efficient selection of hadronic and leptonic final states!
!Low pT single µ detection (>1.5 GeV) !
!Good efficiency also for charm hadronic decays (LHC is a charm factory !)!
!
Lower luminosity (~ 4 1032 cm-2s-1) and lower pile-up (~ 2 events/pp crossing) !

12"

velo 

rich1 rich2 

‣
‣
‣

ECAL

RICH-1

HCAL
MUONtracker:

strawtubes/Si strips RICH-1I

Dimu eff
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II. CP violation
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3 quarks families, a Unitary complex matrix (CKM)

Unitary Triangle

17
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Chapter 1

Flavor physics within the SM and the flavor problem

1 The flavor sector of the SM
The Standard Model (SM) Lagrangian can be divided into two main parts, the gauge and the Higgs (or
symmetry breaking) sector. The gauge sector is extremely simple and highly symmetric: it is completely
specified by the local symmetry GSM

local = SU(3)C ⇥ SU(2)L ⇥ U(1)Y and by the fermion content,

LSM
gauge =

X

i=1...3

X

 =Qi
L...E

i
R

¯ iD/  

�1

4

X

a=1...8

Ga
µ⌫G

a
µ⌫ �

1

4

X

a=1...3

W a
µ⌫W

a
µ⌫ �

1

4

Bµ⌫Bµ⌫ . (1.1)

The fermion content consist of five fields with different quantum numbers under the gauge group,1

Qi
L(3, 2)+1/6 , U i

R(3, 1)+2/3 , Di
R(3, 1)�1/3 , Li

L(1, 2)�1/2 , Ei
R(1, 1)�1 , (1.2)

each of them appearing in three different replica or flavors (i = 1, 2, 3).
This structure give rise to a large global flavor symmetry of LSM

gauge. Both the local and the global
symmetries of LSM

gauge are broken with the introduction of a SU(2)L scalar doublet �, or the Higgs
field. The local symmetry is spontaneously broken by the vacuum expectation value of the Higgs field,
h�i = v = (2

p
2GF )

�1/2 ⇡ 174 GeV, while the global flavor symmetry is explicitly broken by the
Yukawa interaction of � with the fermion fields:

� LSM
Yukawa = Y ij

d
¯Qi
L�D

j
R + Y ij

u
¯Qi
L
˜�U j

R + Y ij
e

¯Li
L�E

j
R + h.c. (

˜� = i⌧2�
†
) . (1.3)

The large global flavor symmetry of LSM
gauge, corresponding to the independent unitary rotations in flavor

space of the five fermion fields in Eq. (1.2), is a U(3)

5 group. This can be decomposed as follows:

Gflavor = U(3)

5 ⇥ Gq ⇥ G` , (1.4)

where
Gq = SU(3)QL

⇥ SU(3)UR
⇥ SU(3)DR

, G` = SU(3)LL
⌦ SU(3)ER

. (1.5)

Three of the five U(1) subgroups can be identified with the total barion and lepton number, which are
not broken by LYukawa, and the weak hypercharge, which is gauged and broken only spontaneously by
h�i 6= 0. The subgroups controlling flavor-changing dynamics and flavor non-universality are the non-
Abelian groups Gq and G`, which are explicitly broken by Yd,u,e not being proportional to the identity
matrix.

The diagonalization of each Yukawa coupling requires, in general, two independent unitary ma-
trices, VLY V †

R = diag(y1, y2, y3). In the lepton sector the invariance of LSM
gauge under G` allows us to

freely choose the two matrices necessary to diagonalize Ye without breaking gauge invariance, or without
observable consequences. This is not the case in the quark sector, where we can freely choose only three
of the four unitary matrices necessary to diagonalize both Yd and Yu. Choosing the basis where Yd is
diagonal (and eliminating the right-handed diagonalization matrix of Yu) we can write

Yd = �d , Yu = V †�u , (1.6)
1 The notation used to indicate each field is  (A,B)Y , where A and B denote the representation under the SU(3)C and

SU(2)L groups, respectively, and Y is the U(1)Y charge.

4

The CKM matrix

quark sector: weak eigenstates != mass eigenstates

W+

qu ∈ {u, c, t}

q̄d ∈ {d̄, s̄, b̄}
Vqq̄

W−

q̄u ∈ {u, c, t}

qd ∈ {d, s, b}
V ∗

qq̄

V is unitary with 4 independent ’physical’ parameters
−→ one complex phase

V =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



 ∼









Wolfenstein parameterization, λ ≈ 0.2

V =




1 − λ2/2 λ Aλ3(ρ − iη)

−λ 1 − λ2/2 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1



 + O(λ4)
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The Unitary Triangle

unitarity relations, e.g. V ∗
ubVud + V ∗

cbVcd + V ∗
tbVtd = 0

γ β

α

VudV ∗
ub VtdV ∗

tb

VcdV ∗
cb

α = arg
[
−

VtdV ∗
tb

VudV ∗
ub

]
β = arg

[
−

VcdV ∗
cb

VtdV ∗
tb

]
γ = arg

[
−

VudV ∗
ub

VcdV ∗
cb

]
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unitarity relations, e.g. V ∗
ubVud + V ∗

cbVcd + V ∗
tbVtd = 0

γ β

α

−VudV ∗
ub

VcdV ∗
cb

−VtdV ∗
tb

VcdV ∗
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(ρ̄, η̄)

(0, 0) (1, 0)

α = arg
[
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VtdV ∗
tb

VudV ∗
ub
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Status of UT

CKM success!

LHCb aims: direct measure γ ~4º precision (~10 fb-1)

18
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Observing CP

CP arises due to the interference of amplitues with different phases
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Measuring CP violation in B decays

CPV in B decays is consequence of interfering amplitudes

Two types of measurements

1. Charge asymmetry: Ach
f ≡ N(B → f) − N(B → f̄)

N(B → f) + N(B → f̄)

≥ 2 interfering amplitudes with both different weak and ’strong’ phase

2. Time-dependent asymmetry: if B0 and B0 have common final state f ,
interference through B0-B0 mixing

A(t) ≡ N(B0(t) → f) − N(B0(t) → f)

N(B0(t) → f) + N(B0(t) → f)
= Sf sin(∆md t) − Cf cos(∆md t)

For example, for B0 → J/ψK0
S : SJ/ψK0

S
= sin 2β and CJ/ψK0

S
= 0

Note, for asymmetry measurements of neutral Bs:

need to tag the flavor of the
( )

B0 at t = 0

at Υ (4S), B0 and B0 in coherent state:
t −→ ∆t ≡ t(B → f) − t(otherB)
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Charge Asymmetry (direct):

Time dependent Asymmetry (indirect):

same final state f

12

a1e
i�1ei�1 a1e

�i�1ei�1

a2e
�i�2ei�2a2e

i�2ei�2

6=
Measuring CP violation in B decays

CPV in B decays is consequence of interfering amplitudes

Two types of measurements

1. Charge asymmetry: Ach
f ≡ N(B → f) − N(B → f̄)

N(B → f) + N(B → f̄)

≥ 2 interfering amplitudes with both different weak and ’strong’ phase

2. Time-dependent asymmetry: if B0 and B0 have common final state f ,
interference through B0-B0 mixing

A(t) ≡ N(B0(t) → f) − N(B0(t) → f)

N(B0(t) → f) + N(B0(t) → f)
= Sf sin(∆md t) − Cf cos(∆md t)

For example, for B0 → J/ψK0
S : SJ/ψK0

S
= sin 2β and CJ/ψK0

S
= 0

Note, for asymmetry measurements of neutral Bs:

need to tag the flavor of the
( )

B0 at t = 0

at Υ (4S), B0 and B0 in coherent state:
t −→ ∆t ≡ t(B → f) − t(otherB)

Wouter Hulsbergen (U. Maryland) — 8

Measuring CP violation in B decays
CPV in B decays is consequence of interfering amplitudes

Two types of measurements

1. Charge asymmetry: Ach
f ≡ N(B → f) − N(B → f̄)

N(B → f) + N(B → f̄)

≥ 2 interfering amplitudes with both different weak and ’strong’ phase

2. Time-dependent asymmetry: if B0 and B0 have common final state f ,
interference through B0-B0 mixing

A(t) ≡ N(B0(t) → f) − N(B0(t) → f)

N(B0(t) → f) + N(B0(t) → f)
= Sf sin(∆md t) − Cf cos(∆md t)

For example, for B0 → J/ψK0
S : SJ/ψK0

S
= sin 2β and CJ/ψK0

S
= 0

Note, for asymmetry measurements of neutral Bs:

need to tag the flavor of the
( )

B0 at t = 0

at Υ (4S), B0 and B0 in coherent state:
t −→ ∆t ≡ t(B → f) − t(otherB)

Wouter Hulsbergen (U. Maryland) — 8

12

a1e
i�1ei�1 a1e

�i�1ei�1

a2e
�i�2ei�2a2e

i�2ei�2

6=
Measuring CP violation in B decays

CPV in B decays is consequence of interfering amplitudes

Two types of measurements

1. Charge asymmetry: Ach
f ≡ N(B → f) − N(B → f̄)

N(B → f) + N(B → f̄)

≥ 2 interfering amplitudes with both different weak and ’strong’ phase

2. Time-dependent asymmetry: if B0 and B0 have common final state f ,
interference through B0-B0 mixing

A(t) ≡ N(B0(t) → f) − N(B0(t) → f)

N(B0(t) → f) + N(B0(t) → f)
= Sf sin(∆md t) − Cf cos(∆md t)

For example, for B0 → J/ψK0
S : SJ/ψK0

S
= sin 2β and CJ/ψK0

S
= 0

Note, for asymmetry measurements of neutral Bs:

need to tag the flavor of the
( )

B0 at t = 0

at Υ (4S), B0 and B0 in coherent state:
t −→ ∆t ≡ t(B → f) − t(otherB)

Wouter Hulsbergen (U. Maryland) — 8

Measuring CP violation in B decays
CPV in B decays is consequence of interfering amplitudes

Two types of measurements

1. Charge asymmetry: Ach
f ≡ N(B → f) − N(B → f̄)

N(B → f) + N(B → f̄)

≥ 2 interfering amplitudes with both different weak and ’strong’ phase

2. Time-dependent asymmetry: if B0 and B0 have common final state f ,
interference through B0-B0 mixing

A(t) ≡ N(B0(t) → f) − N(B0(t) → f)

N(B0(t) → f) + N(B0(t) → f)
= Sf sin(∆md t) − Cf cos(∆md t)

For example, for B0 → J/ψK0
S : SJ/ψK0

S
= sin 2β and CJ/ψK0

S
= 0

Note, for asymmetry measurements of neutral Bs:

need to tag the flavor of the
( )

B0 at t = 0

at Υ (4S), B0 and B0 in coherent state:
t −→ ∆t ≡ t(B → f) − t(otherB)

Wouter Hulsbergen (U. Maryland) — 8

25

⌘CP
f = ±1

ACP(t) ⌘
N(B ! f) � N(B ! f)

N(B ! f) + N(B ! f)
= D ⌘CP

f sin�f sin(�mt)
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Direct CP - B(s)→hh
Large direct CP violation in B(s)→hh (h=K,π) decays:

20

PRL 100 221601 (2013)/1fb-1

quantities: the quality of the on-line-reconstructed tracks,
their pT and IP, the distance of the closest approach of the
decay products of the Bmeson candidate, its pT, IP, and the
decay time in its rest frame.

More selective requirements are applied off-line. Two
sets of criteria have been optimized with the aim of
minimizing the expected statistical uncertainty either on
ACPðB0 ! Kþ!#Þ or on ACPðB0

s ! K#!þÞ. In addition to
the requirements on the kinematic variables already used in
the trigger, requirements on the largest pT and IP of the B
daughter particles are applied. In the case of B0

s ! K#!þ

decays, a tighter selection is needed to achieve a stronger
rejection of combinatorial background. For example, the
decay time is required to exceed 1.5 ps, whereas in the
B0 ! Kþ!# selection a lower threshold of 0.9 ps is
applied. This is because the probability for a b quark to
form a B0

s meson, which subsequently decays to the K#!þ

final state, is 1 order of magnitude smaller than that to form
a B0 meson decaying to Kþ!# [25]. The two samples are
then subdivided according to the various final states using
the particle identification (PID) provided by the two ring-
imaging Cherenkov (RICH) detectors [26]. Two sets of
PID selection criteria are applied: a loose set optimized for
the measurement of ACPðB0 ! Kþ!#Þ and a tight set for
that of ACPðB0

s ! K#!þÞ. More details on the event selec-
tion can be found in Ref. [22].

To determine the amount of background events from
other two-body b-hadron decays with a misidentified
pion or kaon (cross-feed background), the relative efficien-
cies of the RICH PID selection criteria must be deter-
mined. This is achieved by means of a data-driven
method that uses D%þ ! D0ðK#!þÞ!þ and ! ! p!#

decays as control samples. The production and decay kine-
matic properties of the D0 ! K#!þ and ! ! p!# chan-
nels differ from those of the b-hadron decays under study.
Since the RICH PID information is momentum dependent,
a calibration procedure is performed by reweighting the
distributions of the PID variables obtained from the cali-
bration samples, in order to match the momentum distri-
butions of signal final-state particles observed in data.
Unbinned maximum likelihood fits to the mass spectra

of the selected events are performed. The B0 ! Kþ!# and
B0
s ! K#!þ signal components are described by double

Gaussian functions convolved with a function that
describes the effect of final-state radiation [27]. The back-
ground due to partially reconstructed three-body B decays
is parametrized by means of two ARGUS functions [28]
convolved with a Gaussian resolution function. The com-
binatorial background is modeled by an exponential func-
tion and the shapes of the cross-feed backgrounds, mainly
due to B0 ! !þ!# and B0

s ! KþK# decays with one
misidentified particle in the final state, are obtained from
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FIG. 1 (color online). Invariant mass spectra obtained using the event selection adopted for the best sensitivity on (a),
(b) ACPðB0 ! Kþ!#Þ and (c), (d) ACPðB0

s ! K#!þÞ. Panels (a) and (c) represent the Kþ!# invariant mass, whereas panels (b)
and (d) represent the K#!þ invariant mass. The results of the unbinned maximum likelihood fits are overlaid. The main components
contributing to the fit model are also shown.
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data. All shifts from the relevant baseline values are
accounted for as systematic uncertainties. Systematic
uncertainties related to the determination of detection
asymmetries are calculated by summing in quadrature
the respective uncertainties on A!ðB0 ! Kþ!#Þ and
A!ðB0

s ! K#!þÞ with an additional uncertainty of
0.10%, accounting for residual differences in the trigger
composition between signal and calibration samples.

The systematic uncertainties for ACPðB0 ! Kþ!#Þ and
ACPðB0

s ! K#!þÞ are summarized in Table I. Since the
production asymmetries are obtained from the fitted decay
time spectra of B0 ! Kþ!# and B0

s !K#!þ decays, their
uncertainties are statistical in nature and are then propa-
gated to the statistical uncertainties on ACPðB0 ! Kþ!#Þ
and ACPðB0

s ! K#!þÞ.
In conclusion, the parameters of CP violation in B0 !

Kþ!# and B0
s ! K#!þ decays have been measured to be

ACPðB0 !Kþ!#Þ ¼#0:080& 0:007 ðstatÞ& 0:003 ðsystÞ;
ACPðB0

s !K#!þÞ¼ 0:27& 0:04 ðstatÞ& 0:01 ðsystÞ:

Dividing the central values by the sum in quadrature of
statistical and systematic uncertainties, the significances of
the measured deviations from zero are 10:5" and 6:5",
respectively. The former is the most precise measurement
of ACPðB0 ! Kþ!#Þ to date, whereas the latter represents
the first observation of CP violation in decays of B0

s

mesons with significance exceeding 5". Both measure-
ments are in good agreement with world averages [34]
and previous LHCb results [22].

These results allow a stringent test of the validity of the
relation between ACPðB0 ! Kþ!#Þ and ACPðB0

s !
K#!þÞ in the SM given in Ref. [14] as

!¼ACPðB0!Kþ!#Þ
ACPðB0

s !K#!þÞþ
BðB0

s !K#!þÞ
BðB0!Kþ!#Þ

#d
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where BðB0 ! Kþ!#Þ and BðB0
s ! K#!þÞ are

CP-averaged branching fractions, and #d and #s are the
B0 and B0

s mean lifetimes, respectively. Using additional
results for BðB0 ! Kþ!#Þ and BðB0

s ! K#!þÞ [25] and

the world averages for #d and #s [34], we obtain ! ¼
#0:02& 0:05& 0:04, where the first uncertainty is from
the measurements of the CP asymmetries and the second is
from the input values of the branching fractions and the
lifetimes. No evidence for a deviation from zero of ! is
observed with the present experimental precision.
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Must take into account detector and production asymmetries (data driven methods)

difficult to relate to SM due to hadronic factors, but we can test a SM relation:

B  ~41k

first observation of dire
ct CP in Bs!

-

B±→D(K±π∓)K±



UT triangle: γ via trees!

21

γ from B→DK at LHCb 4

Measurement from B- DK→ -

● Tree level measurement

● No penguin contributions so theoretically clean

● B → Dπ also used but with smaller effect

Favoured Suppressed

16

γ from B→DK at LHCb 5

Measurement from B- DK→ -

B- 

D0K- 

D0K- 

f
D
K- 

∝r B e
i (δB−γ)

∝rD e
iδ D

r B e
i(δ

B
−γ)

≡
A(B− → D̄0

K
−)

A(B− →D0
K

−)

rD e
iδ D≡

A(D0→ f D)

A( D̄0→ f D)

D final states and methods
GLW: fD = KK or ππ [Gronau-London-Wyler] PLB 253,483(1991), PLB 265,172 1991)

ADS: fD = Kπ or Kπππ [Atwood-Dunietz-Soni] PRL 78,257(1997), PRD 63,036005(2001)

GGSZ: fD = Ksππ or KsKK [Giri-Grossman-Soffer-Zupan] PRD 68,054018(2003)γ from B→DK at LHCb 5

Measurement from B- DK→ -

B- 

D0K- 

D0K- 

f
D
K- 

∝r B e
i (δB−γ)

∝rD e
iδ D

r B e
i(δ

B
−γ)

≡
A(B− → D̄0

K
−)

A(B− →D0
K

−)

rD e
iδ D≡

A(D0→ f D)

A( D̄0→ f D)

D final states and methods
GLW: fD = KK or ππ [Gronau-London-Wyler] PLB 253,483(1991), PLB 265,172 1991)

ADS: fD = Kπ or Kπππ [Atwood-Dunietz-Soni] PRL 78,257(1997), PRD 63,036005(2001)

GGSZ: fD = Ksππ or KsKK [Giri-Grossman-Soffer-Zupan] PRD 68,054018(2003)

γ from B→DK at LHCb 4

Measurement from B- DK→ -

● Tree level measurement

● No penguin contributions so theoretically clean

● B → Dπ also used but with smaller effect

Favoured Suppressed

16

γ from B→DK at LHCb 5

Measurement from B- DK→ -

B- 

D0K- 

D0K- 

f
D
K- 

∝r B e
i (δB−γ)

∝rD e
iδ D

r B e
i(δ

B
−γ)

≡
A(B− → D̄0

K
−)

A(B− →D0
K

−)

rD e
iδ D≡

A(D0→ f D)

A( D̄0→ f D)

D final states and methods
GLW: fD = KK or ππ [Gronau-London-Wyler] PLB 253,483(1991), PLB 265,172 1991)

ADS: fD = Kπ or Kπππ [Atwood-Dunietz-Soni] PRL 78,257(1997), PRD 63,036005(2001)

GGSZ: fD = Ksππ or KsKK [Giri-Grossman-Soffer-Zupan] PRD 68,054018(2003)γ from B→DK at LHCb 5

Measurement from B- DK→ -

B- 

D0K- 

D0K- 

f
D
K- 

∝r B e
i (δB−γ)

∝rD e
iδ D

r B e
i(δ

B
−γ)

≡
A(B− → D̄0

K
−)

A(B− →D0
K

−)

rD e
iδ D≡

A(D0→ f D)

A( D̄0→ f D)

D final states and methods
GLW: fD = KK or ππ [Gronau-London-Wyler] PLB 253,483(1991), PLB 265,172 1991)

ADS: fD = Kπ or Kπππ [Atwood-Dunietz-Soni] PRL 78,257(1997), PRD 63,036005(2001)

GGSZ: fD = Ksππ or KsKK [Giri-Grossman-Soffer-Zupan] PRD 68,054018(2003)

γ angle:  (68±12)º (Morion12, no LHCb)!

Measurable using B±→DK±! 

Common final state f

Methods:

GLW: CP eigenstates (D→KK,ππ): large yield but small interference

ADS: suppressed D decays, B±→D(π±K∓)K± vs favored anti-D decays B±→D(K±π∓)K±: 
small yield, but large interference

GGSZ: via Dalitz plot of D→KsK+K-,Ksπ+π-

Hadronic parameter are a nuisance but can be deteminated from data
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Fig. 2. Invariant mass distributions of selected B± → [K + K −]D h± candidates. See the caption of Fig. 1 for a full description. The contribution from Λb → Λ±
c h∓ decays is

indicated by the dashed line.

Fig. 3. Invariant mass distributions of selected B± → [π+π−]D h± candidates. See the caption of Fig. 1 for a full description.

4. Combinatoric background: A linear approximation is adequate
to describe the slope across the invariant mass spectrum con-
sidered. A common slope is used in all subsamples, though
yields vary independently.

5. Mode-specific backgrounds: In the D → K K mode, two extra
components are used to model Λ0

b → Λ+
c h− decays. Though

the total contribution is allowed to vary, the shape and relative
proportion of Λ+

c K − and Λ+
c π− are fixed. This latter quantity

is estimated at 0.060 ± 0.015, similar to the effective Cabibbo
suppression observed in B mesons. For the B± → DADS K ±

mode, the shape of the B̄0
s → D0 K +π− background is taken

from simulation. In the fit, this yield is allowed to vary though
the reported yield is consistent with the simulated expecta-
tion, as derived from the branching fraction [24] and the bb̄
hadronisation [25].

The proportion of B± → Dh± passing or failing the PID re-
quirement is determined from a calibration analysis of a large
sample of D∗± decays reconstructed as D∗± → Dπ± , D → K ∓π± .
In this calibration sample, the K and π tracks may be identi-
fied, with high purity, using only kinematic variables. This facili-
tates a measurement of the RICH-based PID efficiency as a func-
tion of track momentum, pseudorapidity and number of tracks
in the detector. By reweighting the calibration spectra in these
variables to match the events in the B± → Dπ± peak, the ef-
fective PID efficiency of the signal is deduced. This data-driven
technique finds a retention rate, for a cut of DLLKπ > 4 on
the bachelor track, of 87.6% and 3.8% for kaons and pions, re-
spectively. A 1.0% systematic uncertainty on the kaon efficiency
is estimated from simulation. The B± → Dπ± fit to data be-
comes visibly distorted with variations to the fixed PID efficiency
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Fig. 4. Invariant mass distributions of selected B± → [π± K ∓]D h± candidates. See the caption of Fig. 1 for a full description. The dashed line here represents the partially
reconstructed, but Cabibbo favoured, B0

s → D̄0 K −π+ and B̄0
s → D0 K +π− decays where the pions are lost. The pollution from favoured mode cross feed is drawn, but is too

small to be seen.

Table 1
Corrected event yields.

B± mode D mode B− B+

D K ± K ±π∓ 3170 ± 83 3142 ± 83
K ± K ∓ 592 ± 40 439 ± 30
π±π∓ 180 ± 22 137 ± 16
π± K ∓ 23 ± 7 73 ± 11

Dπ± K ±π∓ 40 767 ± 310 40 774 ± 310
K ± K ∓ 6539 ± 129 6804 ± 135
π±π∓ 1969 ± 69 1973 ± 69
π± K ∓ 191 ± 16 143 ± 14

> ±0.2% so this value is taken as the systematic uncertainly for
pions.

A small negative asymmetry (defined in the same sense as
Eq. (2)) is expected in the detection of K − and K + mesons due to
their different interaction lengths. A fixed value of (−0.5 ± 0.7)% is
assigned for each occurrence of strangeness in the final state. The
equivalent asymmetry for pions is expected to be much smaller
and (0.0 ± 0.7)% is assigned. This uncertainty also accounts for the
residual physical asymmetry between the left and right sides of
the detector after summing both magnet-polarity datasets. Simula-
tion of B meson production in pp collisions suggests a small excess
of B+ over B− mesons. A production asymmetry of (−0.8 ± 0.7)%
is assumed in the fit such that the combination of these estimates
aligns with the observed raw asymmetry of B± → J/ψ K ± decays
at LHCb [26]. Ongoing studies of these instrumentation asymme-
tries will reduce the associated systematic uncertainty in future
analyses.

The final B± → Dh± signal yields, after summing the events
that pass and fail the bachelor PID cut, are shown in Table 1.
The invariant mass spectra of all 16 B± → [h+h−]Dh± modes are
shown in Figs. 1–4. Regarding the B± → Dπ± mass resolution: re-
spectively, 14.1 ± 0.1, 14.2 ± 0.1 and 14.2 ± 0.2 MeV/c2 are found
for the D → K K , Kπ and ππ modes with common tail param-
eters αL = 0.115 ± 0.003 and αR = 0.083 ± 0.002. As explained
above, the B± → D K ± widths are fixed relative to these values.

The ratio of partial widths relates to the ratio of event yields
by the relative efficiency with which B± → D K ± and B± → Dπ±

Table 2
Systematic uncertainties on the observables. PID refers to the fixed efficiency of
the DLLKπ cut on the bachelor track. PDFs refers to the variations of the fixed
shapes in the fit. “Sim” refers to the use of simulation to estimate relative effi-
ciencies of the signal modes which includes the branching fraction estimates of the
Λ0

b background. Ainstr. quantifies the uncertainty on the production, interaction and
detection asymmetries.

×10−3 PID PDFs Sim Ainstr. Total

R Kπ
K/π 1.4 0.9 0.8 0 1.8

R K K
K/π 1.3 0.8 0.9 0 1.8

Rππ
K/π 1.3 0.6 0.8 0 1.7

AKπ
π 0 1.0 0 9.4 9.5

AKπ
K 0.2 4.1 0 16.9 17.4

AK K
K 1.6 1.3 0.5 9.5 9.7

Aππ
K 1.9 2.3 0 9.0 9.5

AK K
π 0.1 6.6 0 9.5 11.6

Aππ
π 0.1 0.4 0 9.9 9.9

R−
K 0.2 0.4 0 0.1 0.4

R+
K 0.4 0.5 0 0.1 0.7

R−
π 0.01 0.03 0 0.07 0.08

R+
π 0.01 0.03 0 0.07 0.07

decays are reconstructed. This ratio, estimated from simulation, is
1.012, 1.009 and 1.005 for D → K K , Kπ ,ππ respectively. A 1.1%
systematic uncertainty accounts for the imperfect modelling of the
relative pion and kaon absorption in the tracking material, though
no evidence of large imperfections are seen.

The fit is constructed such that the observables of interest are
parameters of the fit and all systematic uncertainties discussed
above enter the fit as constant numbers in the model. To evaluate
the effect of these systematic uncertainties, the fit is rerun many
times varying each of the systematic constants by its uncertainty.
The resulting spread (RMS) in the value of each observable is taken
as the systematic uncertainty on that quantity and is summarised
in Table 2. Correlations between the uncertainties are considered
negligible so the total systematic uncertainty is just the sum in
quadrature. For the ratios of partial widths in the favoured and
CP modes, the uncertainties on the PID efficiency and the rela-
tive width of the D K ± and Dπ± peaks dominate. These sources
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also contribute in the ADS modes, though the assumed shape of
the B̄0

s → D0 K +π− background is the largest source of systematic
uncertainty in the B± → DADS K ± case. For the CP asymmetries,
instrumentation asymmetries at LHCb are the largest source of un-
certainty.

4. Results

The results of the fit with their statistical uncertainties and as-
signed systematic uncertainties are:

R Kπ
K/π = 0.0774 ± 0.0012 ± 0.0018,

R K K
K/π = 0.0773 ± 0.0030 ± 0.0018,

Rππ
K/π = 0.0803 ± 0.0056 ± 0.0017,

AKπ
π = −0.0001 ± 0.0036 ± 0.0095,

AKπ
K = 0.0044 ± 0.0144 ± 0.0174,

AK K
K = 0.148 ± 0.037 ± 0.010,

Aππ
K = 0.135 ± 0.066 ± 0.010,

AK K
π = −0.020 ± 0.009 ± 0.012,

Aππ
π = −0.001 ± 0.017 ± 0.010,

R−
K = 0.0073 ± 0.0023 ± 0.0004,

R+
K = 0.0232 ± 0.0034 ± 0.0007,

R−
π = 0.00469 ± 0.00038 ± 0.00008,

R+
π = 0.00352 ± 0.00033 ± 0.00007.

From these measurements, the following quantities can be de-
duced:

RCP+ ≈
〈
R K K

K/π , Rππ
K/π

〉
/R Kπ

K/π

= 1.007 ± 0.038 ± 0.012,

ACP+ =
〈
AK K

K , Aππ
K

〉

= 0.145 ± 0.032 ± 0.010,

RADS(K ) =
(

R−
K + R+

K

)
/2

= 0.0152 ± 0.0020 ± 0.0004,

AADS(K ) =
(

R−
K − R+

K

)
/
(

R−
K + R+

K

)

= −0.52 ± 0.15 ± 0.02,

RADS(π) =
(

R−
π + R+

π

)
/2

= 0.00410 ± 0.00025 ± 0.00005,

AADS(π) =
(

R−
π − R+

π

)
/
(

R−
π + R+

π

)

= 0.143 ± 0.062 ± 0.011,

where the correlations between systematic uncertainties are taken
into account in the combination and angled brackets indicate
weighted averages. The above definition of RCP+ is only approxi-
mate and is used for experimental convenience. It assumes the ab-
sence of CP violation in B± → Dπ± and the favoured B± → D K ±

modes. The exact definition of RCP+ is

Γ (B− → DCP+K −) + Γ (B+ → DCP+K +)

Γ (B− → D0 K −)
(6)

so an additional, and dominant, 1% systematic uncertainty ac-
counts for the approximation. For the same reason, a small ad-
dition to the systematic uncertainty of R Kπ

K/π is needed to quote
this result as the ratio of B± branching fractions,

B(B− → D0 K −)

B(B− → D0π−)
= (7.74 ± 0.12 ± 0.19)%.

To summarise, the B± → D K ± ADS mode is observed with ∼ 10σ
statistical significance when comparing the maximum likelihood
to that of the null hypothesis. This mode displays evidence (4.0σ )
of a large negative asymmetry, consistent with the asymmetries
reported by previous experiments [10–12]. The B± → Dπ± ADS
mode shows a hint of a positive asymmetry with 2.4σ signifi-
cance. The K K and ππ modes both show positive asymmetries.
The statistical significance of the combined asymmetry, ACP+ , is
4.5σ which is similar to that reported in [7,9] albeit with a smaller
central value. All these results contain dependence on the weak
phase γ and will form an important contribution to a future mea-
surement of this parameter.

Assuming the CP-violating effects in the CP and ADS modes are
due to the same phenomenon (namely the interference of b → cūs
and b → uc̄s transitions) we compare the maximum likelihood
with that under the null-hypothesis in all three D final states
where the bachelor is a kaon. This log-likelihood difference is di-
luted by the non-negligible systematic uncertainties in ACP+ and
AADS(K ) which are dominated by the instrumentation asymme-
tries and hence are highly correlated. In conclusion, with a total
significance of 5.8σ , direct CP violation in B± → D K ± decays is
observed.
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of a large negative asymmetry, consistent with the asymmetries
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mode shows a hint of a positive asymmetry with 2.4σ signifi-
cance. The K K and ππ modes both show positive asymmetries.
The statistical significance of the combined asymmetry, ACP+ , is
4.5σ which is similar to that reported in [7,9] albeit with a smaller
central value. All these results contain dependence on the weak
phase γ and will form an important contribution to a future mea-
surement of this parameter.

Assuming the CP-violating effects in the CP and ADS modes are
due to the same phenomenon (namely the interference of b → cūs
and b → uc̄s transitions) we compare the maximum likelihood
with that under the null-hypothesis in all three D final states
where the bachelor is a kaon. This log-likelihood difference is di-
luted by the non-negligible systematic uncertainties in ACP+ and
AADS(K ) which are dominated by the instrumentation asymme-
tries and hence are highly correlated. In conclusion, with a total
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and b → uc̄s transitions) we compare the maximum likelihood
with that under the null-hypothesis in all three D final states
where the bachelor is a kaon. This log-likelihood difference is di-
luted by the non-negligible systematic uncertainties in ACP+ and
AADS(K ) which are dominated by the instrumentation asymme-
tries and hence are highly correlated. In conclusion, with a total
significance of 5.8σ , direct CP violation in B± → D K ± decays is
observed.

Acknowledgements

We express our gratitude to our colleagues in the CERN accel-
erator departments for the excellent performance of the LHC. We
thank the technical and administrative staff at CERN and at the
LHCb institutes, and acknowledge support from the National Agen-
cies: CAPES, CNPq, FAPERJ and FINEP (Brazil); CERN; NSFC (China);
CNRS/IN2P3 (France); BMBF, DFG, HGF and MPG (Germany); SFI
(Ireland); INFN (Italy); FOM and NWO (The Netherlands); SCSR
(Poland); ANCS (Romania); MinES of Russia and Rosatom (Russia);
MICINN, XuntaGal and GENCAT (Spain); SNSF and SER (Switzer-
land); NAS Ukraine (Ukraine); STFC (United Kingdom); NSF (USA).
We also acknowledge the support received from the ERC under FP7
and the Region Auvergne.

Open access

This article is published Open Access at sciencedirect.com. It
is distributed under the terms of the Creative Commons Attribu-
tion License 3.0, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original authors and
source are credited.

References

[1] N. Cabibbo, Phys. Rev. Lett. 10 (1963) 531;
M. Kobayashi, T. Maskawa, Prog. Theor. Phys. 49 (1973) 652.

[2] C. Jarlskog, Phys. Rev. Lett. 55 (1985) 1039.
[3] BaBar Collaboration, B. Aubert, et al., Phys. Rev. Lett. 87 (2001) 091801,

arXiv:hep-ex/0107013;
Belle Collaboration, K. Abe, et al., Phys. Rev. Lett. 87 (2001) 091802, arXiv:hep-
ex/0107061.

[4] CKMfitter Group, J. Charles, et al., Phys. Rev. D 84 (2011) 033005;
UTfit Collaboration, M. Bona, et al., JHEP 0507 (2005) 028, arXiv:hep-
ph/0501199.

[5] M. Gronau, D. London, Phys. Lett. B 253 (1991) 483;
M. Gronau, D. Wyler, Phys. Lett. B 265 (1991) 172.

LHCb Collaboration / Physics Letters B 712 (2012) 203–212 207

Fig. 4. Invariant mass distributions of selected B± → [π± K ∓]D h± candidates. See the caption of Fig. 1 for a full description. The dashed line here represents the partially
reconstructed, but Cabibbo favoured, B0

s → D̄0 K −π+ and B̄0
s → D0 K +π− decays where the pions are lost. The pollution from favoured mode cross feed is drawn, but is too

small to be seen.

Table 1
Corrected event yields.

B± mode D mode B− B+

D K ± K ±π∓ 3170 ± 83 3142 ± 83
K ± K ∓ 592 ± 40 439 ± 30
π±π∓ 180 ± 22 137 ± 16
π± K ∓ 23 ± 7 73 ± 11

Dπ± K ±π∓ 40 767 ± 310 40 774 ± 310
K ± K ∓ 6539 ± 129 6804 ± 135
π±π∓ 1969 ± 69 1973 ± 69
π± K ∓ 191 ± 16 143 ± 14

> ±0.2% so this value is taken as the systematic uncertainly for
pions.

A small negative asymmetry (defined in the same sense as
Eq. (2)) is expected in the detection of K − and K + mesons due to
their different interaction lengths. A fixed value of (−0.5 ± 0.7)% is
assigned for each occurrence of strangeness in the final state. The
equivalent asymmetry for pions is expected to be much smaller
and (0.0 ± 0.7)% is assigned. This uncertainty also accounts for the
residual physical asymmetry between the left and right sides of
the detector after summing both magnet-polarity datasets. Simula-
tion of B meson production in pp collisions suggests a small excess
of B+ over B− mesons. A production asymmetry of (−0.8 ± 0.7)%
is assumed in the fit such that the combination of these estimates
aligns with the observed raw asymmetry of B± → J/ψ K ± decays
at LHCb [26]. Ongoing studies of these instrumentation asymme-
tries will reduce the associated systematic uncertainty in future
analyses.

The final B± → Dh± signal yields, after summing the events
that pass and fail the bachelor PID cut, are shown in Table 1.
The invariant mass spectra of all 16 B± → [h+h−]Dh± modes are
shown in Figs. 1–4. Regarding the B± → Dπ± mass resolution: re-
spectively, 14.1 ± 0.1, 14.2 ± 0.1 and 14.2 ± 0.2 MeV/c2 are found
for the D → K K , Kπ and ππ modes with common tail param-
eters αL = 0.115 ± 0.003 and αR = 0.083 ± 0.002. As explained
above, the B± → D K ± widths are fixed relative to these values.

The ratio of partial widths relates to the ratio of event yields
by the relative efficiency with which B± → D K ± and B± → Dπ±

Table 2
Systematic uncertainties on the observables. PID refers to the fixed efficiency of
the DLLKπ cut on the bachelor track. PDFs refers to the variations of the fixed
shapes in the fit. “Sim” refers to the use of simulation to estimate relative effi-
ciencies of the signal modes which includes the branching fraction estimates of the
Λ0

b background. Ainstr. quantifies the uncertainty on the production, interaction and
detection asymmetries.

×10−3 PID PDFs Sim Ainstr. Total

R Kπ
K/π 1.4 0.9 0.8 0 1.8

R K K
K/π 1.3 0.8 0.9 0 1.8

Rππ
K/π 1.3 0.6 0.8 0 1.7

AKπ
π 0 1.0 0 9.4 9.5

AKπ
K 0.2 4.1 0 16.9 17.4

AK K
K 1.6 1.3 0.5 9.5 9.7

Aππ
K 1.9 2.3 0 9.0 9.5

AK K
π 0.1 6.6 0 9.5 11.6

Aππ
π 0.1 0.4 0 9.9 9.9

R−
K 0.2 0.4 0 0.1 0.4

R+
K 0.4 0.5 0 0.1 0.7

R−
π 0.01 0.03 0 0.07 0.08

R+
π 0.01 0.03 0 0.07 0.07

decays are reconstructed. This ratio, estimated from simulation, is
1.012, 1.009 and 1.005 for D → K K , Kπ ,ππ respectively. A 1.1%
systematic uncertainty accounts for the imperfect modelling of the
relative pion and kaon absorption in the tracking material, though
no evidence of large imperfections are seen.

The fit is constructed such that the observables of interest are
parameters of the fit and all systematic uncertainties discussed
above enter the fit as constant numbers in the model. To evaluate
the effect of these systematic uncertainties, the fit is rerun many
times varying each of the systematic constants by its uncertainty.
The resulting spread (RMS) in the value of each observable is taken
as the systematic uncertainty on that quantity and is summarised
in Table 2. Correlations between the uncertainties are considered
negligible so the total systematic uncertainty is just the sum in
quadrature. For the ratios of partial widths in the favoured and
CP modes, the uncertainties on the PID efficiency and the rela-
tive width of the D K ± and Dπ± peaks dominate. These sources

4σ (consistent BaBar, Bell
e, CDF)

PLB 712 (2012) 203/1fb-1
CP

ADS B- B+
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Figure 1: (Left) division of K

0

S⇡

+

⇡

� Dalitz plot into eight pairs of bins and (right) division of
K

0

SK

+

K

� Dalitz plot into two pairs of bins. These plots have been produced using bitmaps of
the D decay amplitude that were provided by the BaBar collaboration.

previously been pursued by LHCb [2] using a data sample corresponding to an integrated
luminosity of 1.0 fb�1 at a centre-of-mass energy of 7 TeV collected in 2011. The current
analysis largely follows the same procedure as that of the 2011 study, but benefits from
improvements in the selection strategy.

The LHCb detector [3] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or c

quarks. The detector includes a high precision tracking system consisting of a silicon-strip
vertex detector (VELO) surrounding the pp interaction region, a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes placed downstream. The com-
bined tracking system has momentum resolution �p/p that varies from 0.4% at 5 GeV/c

to 0.6% at 100 GeV/c, and impact parameter (IP) resolution of 20 µm for tracks with high
transverse momentum. The IP of a track is defined as the distance of closest approach of
that track to a primary vertex (PV) that has been produced in a proton-proton interaction.
Charged hadrons are identified using two ring-imaging Cherenkov (RICH) detectors [4].
Photon, electron and hadron candidates are identified by a calorimeter system consist-
ing of scintillating-pad and preshower detectors, an electromagnetic calorimeter and a
hadronic calorimeter. Muons are identified by a system composed of alternating layers of
iron and multiwire proportional chambers.

The trigger [5] consists of a hardware stage, based on information from the calorimeter
and muon systems, followed by a software stage which applies a full event reconstruction.
In the analysis presented in this note several systematic uncertainties are evaluated using
Monte Carlo simulated data in which heavy flavour decays have been generated, propa-
gated through the detector, and processed with the LHCb reconstruction software.

2

Table 1: Yields of each signal and background category in the signal region. The category
‘DK

± mis-ID’ indicates B

± ! D⇡

± candidates that are misidentified as B

± ! DK

± signal.

Parameter D ! K

0

S⇡
+

⇡

�
D ! K

0

SK
+

K

�

LL DD LL DD
DK

± signal 422 ± 14 964 ± 32 61 ± 3 140 ± 5
DK

± mis-ID 31 ± 5 67 ± 8 4 ± 2 10 ± 3
DK

± combinatorial 13 ± 4 22 ± 5 1 ± 1 3 ± 1
DK

± low mass 22 ± 2 60 ± 3 4 ± 1 8 ± 1
D⇡

± signal 6709 ± 85 15276 ± 136 961 ± 31 2211 ± 46
D⇡

± combinatorial 50 ± 5 201 ± 11 19 ± 3 31 ± 4
D⇡

± low mass 63 ± 1 145 ± 2 9 ± 1 21 ± 1

Table 2: Purity for each decay type in the signal region.

B

± decay mode D ! K

0

S⇡
+

⇡

�
D ! K

0

SK
+

K

�

LL DD LL DD
B

± ! DK

± (86.4± 1.3)% (86.6± 0.9)% (86.0± 2.8)% (87.1± 1.9)%
B

± ! D⇡

± (98.4± 0.1)% (97.8± 0.0)% (97.2± 0.1)% (97.7± 0.1)%

We split the data in categories depending on the decay type (D⇡

± or DK

±), K

0

S type
(LL or DD), B charge (plus or minus) and which Dalitz plot bin the event falls into. The
log likelihood is the sum of the log likelihoods for each category of candidates in every
bin of the D

0 Dalitz plot

logL =
X

charge

X

LL,DD K0
S

(logLD⇡± + logLDK±). (4)
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Figure 4: Dalitz plots for B

± ! (K0

S⇡

+

⇡

�)DK

± decays; (left) B

+, (right) B

�.

7

The systematic uncertainty related to the global fit shape is evaluated by varying the
shape parameters, taking into account their uncertainties and correlations, before perform-
ing the fit to determine x± and y±. This is repeated many times and the corresponding
width on the distributions is taken to be the uncertainty.

Uncertainties related to the selection e�ciency across the Dalitz plot and migration
between di↵erent bins are evaluated using simulated data and are found to be small in
magnitude. There are additional uncertainties related to partially reconstructed back-
ground, misidentified B

± ! D⇡

± candidates, the e�ciency of identification of the bach-
elor particle and correction for any inherent bias in the fitter are all found to have very
minor influence on the final result.

The ‘Total experimental systematic’ entry in the table has been determined by adding
the individual sources of systematic uncertainty, except the strong-phase systematic, in
quadrature.

6 Results

Using a data sample corresponding to an integrated luminosity of 2.0 fb�1 collected by
the LHCb experiment in 2012 we have measured the following CP violating observables
in a model-independent analysis of B

± ! (K0

Sh
+

h

�)DK

± decays

x

+

= (�8.7± 3.1± 1.6± 0.6)⇥ 10�2

,

x� = (5.3± 3.2± 0.9± 0.9)⇥ 10�2

,

y

+

= (0.1± 3.6± 1.4± 1.9)⇥ 10�2

,

y� = (9.9± 3.6± 2.2± 1.6)⇥ 10�2

,

where the first uncertainty is statistical, the second arises from systematic e↵ects from the
method or detector considerations and the third from strong-phase measurements used in
the fit. These are the most precise measurements of x± and y± to date.

The confidence intervals on the (x
+

, y

+

) and (x�, y�) planes, using the statistical
uncertainties and correlations only, are shown in Fig. 6.

7 Combination with 2011 and implications for the

CKM angle �

The measurements of x± and y± from the current analysis are compatible with those
found in 2011, and so a combination of the two sets of results is performed. This com-
bination takes account of the known correlations of the systematic uncertainties between
the two analyses. Full correlation is assumed between the strong-phase uncertainties in
the two data sets. In other cases where this information is not available, full correlation
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Figure 6: Confidence intervals on the (x, y) plane for B

+ and B

� data collected in 2012 using
the statistical uncertainties and correlations only. The star indicates the central value and the
contours indicate the 1�, 2� and 3� boundaries moving from the centre outwards.

is conservatively assigned. The results that were obtained in 2011 are

x

+

= (�10.3± 4.5± 1.8± 1.4)⇥ 10�2

, x� = (0.0± 4.3± 1.5± 0.6)⇥ 10�2

,

y

+

= (�0.9± 3.7± 0.8± 3.0)⇥ 10�2

, y� = (2.7± 5.2± 0.8± 2.3)⇥ 10�2

.

The following results are obtained for the combined CP parameters

hx
+

i = (�8.9± 3.1)⇥ 10�2

, hx�i = (3.5± 2.9)⇥ 10�2

,

hy
+

i = (�0.1± 3.7)⇥ 10�2

, hy�i = (7.9± 3.8)⇥ 10�2

.

The correlation matrix for the combined parameters is given in Table 4.

Table 4: Correlation matrix between CP parameters in combination of 2011 and 2012 results.

x

+

x� y

+

y�
x

+

1.000 �0.136 0.106 �0.186
x� �0.136 1.000 �0.031 �0.053
y

+

0.106 �0.031 1.000 �0.074
y� �0.186 �0.053 �0.074 1.000

The results can be interpreted in terms of the underlying physics parameters �, rB

and �B. This is done using the frequentist approach described in Ref. [2]. The results
are shown in Fig. 7 which show the two-dimensional projections of the confidence regions
onto the (�, rB) and (�, �B) planes.

The solution for the physics parameters has a two-fold ambiguity: (�, �B) and (�+180�,
�B + 180�). Choosing the solution that satisfies 0 < � < 180� yields � = (57 ± 16)�,
rB = (8.8+2.3

�2.4)⇥ 10�2 and �B = (124+15

�17

)�.
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Figure 7: Two-dimensional projections of the confidence regions onto the (left) (�, rB) and
(right) (�, �B) planes. The diamonds indicate the central values and the contours indicate the
1�, 2� and 3� boundaries moving from the centre outwards.

8 Conclusions

Using a data sample corresponding to an integrated luminosity of 2.0 fb�1 collected by
LHCb in 2012 we have measured the CP violation parameters x± and y± with the decays
B

± ! (K0

Sh
+

h

�)DK

±. We find

x

+

= (�8.7± 3.1± 1.6± 0.6)⇥ 10�2

,

x� = (5.3± 3.2± 0.9± 0.9)⇥ 10�2

,

y

+

= (0.1± 3.6± 1.4± 1.9)⇥ 10�2

,

y� = (9.9± 3.6± 2.2± 1.6)⇥ 10�2

where the first uncertainty is statistical, the second arises from systematic e↵ects from the
method or detector considerations and the third from strong-phase measurements used in
the fit.

Combining these results with those obtained using the 2011 dataset we find the fol-
lowing:

hx
+

i = (�8.9± 3.1)⇥ 10�2

, hx�i = (3.5± 2.9)⇥ 10�2

,

hy
+

i = (�0.1± 3.7)⇥ 10�2

, hy�i = (7.9± 3.8)⇥ 10�2

.

The resulting best-fit values for the CP violating parameters �, rB and �B are (57± 16)�,
(8.8+2.3

�2.4)⇥ 10�2 and (124+15

�17

)�, respectively.
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1 Introduction

A precise measurement of the Cabibbo-Kobayashi-Maskawa (CKM) angle � is an im-
portant goal in flavour physics. Complementary measurements of � using tree and loop
diagrams will provide a powerful test for the presence of any BSM physics. In addition,
measurements of �, together with the other two CKM angles ↵ and �, are important to
overconstrain the Standard Model Unitarity Triangle, providing stringent tests of unitar-
ity and the three-generation quark model.

Decays of the form B

± ! DK

±, where D indicates a coherent sum of D

0 and D

0

mesons, can be used to measure � by exploiting the interference between b ! uc̄s and
b ! cūs transitions. The D mesons must decay to the same final state for this to be
possible.

In this note we consider decays to the three-body self-conjugate final state K

0

Sh
+

h

�

(h = K,⇡). Such a state can be analysed by studying the distribution of candidates across
the K

0

Sh
+

h

� Dalitz plot. It is essential to take into account the variation of the D strong
phase across the Dalitz plot. This variation is encapsulated in the strong-phase di↵erence
between D

0 and D

0 decays, ��D. We present a model-independent measurement of the
CP violation parameters that exploits measurements made by the CLEO-c experiment
with quantum-correlated D

0

D

0 data. CLEO-c measured ci and si, the amplitude-weighted
cosine and sine of ��D in bins across the K

0

Sh
+

h

� Dalitz plane [1].
The K

0

Sh
+

h

� Dalitz plots are divided into bins that have been chosen to maximise the
statistical sensitivity. The bins are divided into symmetric halves along the line m

2

� = m

2

+

,
where m± ⌘ mK0

Sh± . Opposite bins are labelled ±i where the positive sign is taken for the
bin in which m

2

� > m

2

+

. Fig. 1 shows the binning of the K

0

S⇡
+

⇡

� and K

0

SK
+

K

� Dalitz
plots used in the analysis.

The amplitude ratio and relative CP -conserving strong phase di↵erence between
favoured and suppressed B

± ! DK

± decays are denoted rB and �B, respectively. These
quantities are combined with � to produce the observables x± and y±

x± ⌘ rB cos(�B ± �), y± ⌘ rB sin(�B ± �). (1)

These quantities are henceforth referred to as the ‘CP observables’.
The yields of B

± events in the Dalitz plot bin labelled i are

�±i(B
�) = n

�(K±i + r

2

BK⌥i + 2
p

KiK�i(x�ci ± y�si)), (2)

�±i(B
+) = n

+(K⌥i + r

2

BK±i + 2
p

KiK�i(x+

ci ⌥ y

+

si)), (3)

where K±i is the e�ciency-corrected yield of flavour-tagged candidates in bin ±i and the
n

± are normalisation constants. The formalism is identical for flavour-tagged K

0

S⇡
+

⇡

�

and K

0

SK
+

K

� decays but the values of ci, si and Ki di↵er between the two modes.
A preliminary analysis of a data sample corresponding to an integrated luminosity of

2.0 fb�1 in pp collisions at a centre-of-mass energy of 8 TeV collected in 2012 by LHCb is
presented in this note. The four CP observables are measured using a simultaneous fit
to the B

± ! (K0

S⇡
+

⇡

�)DK

± and B

± ! (K0

SK
+

K

�)DK

± Dalitz plots. This method has
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γ: Combination
Combination B±→DK±:

GLW/ADS 1fb-1  (still 2fb-1 to add!) + GGSZ 3fb-1

Combination with B±→Dπ± only 2011 data
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Figure 3: Graphs showing 1 � CL for (a) �

K
B , (b) r

K
B , and (c) �, separately for the

B

±! DK

± part of the GLW/ADS analysis using 1 fb�1 of data (green, light area), and
for the B

±! DK

± GGSZ (purple, dark area) analysis using 3 fb�1 of data.
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Table 1: Confidence intervals and best-fit values of the B±! DK

± combination, including
the new 3 fb�1 GGSZ result, for �, �KB , and r

K
B .

quantity DK

± combination
� 67.2�

68% CL [55.1, 79.1]�

95% CL [43.9, 89.5]�

�

K
B 114.3�

68% CL [101.3, 126.3]�

95% CL [ 88.7, 136.3]�

r

K
B 0.0923
68% CL [0.0843, 0.1001]
95% CL [0.0762, 0.1075]
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Figure 1: Graphs showing 1 � CL for (a) �

K
B , (b) r

K
B , and (c) �, for the B

± ! DK

±

combination, including the new 3 fb�1 GGSZ result. The reported numbers correspond
to the best fit values and the uncertainties are computed using the respective 68.3% CL
confidence intervals reported in Table 1.

2

LHCb has presented, at this conference, an updated measurement of B± ! DK

±

decays [1], where D denotes an admixture of D0 and D

0 mesons, and D is decaying into
the K0

S⇡
+
⇡

� and K

0
SK

+
K

� final states. The measurement consists of a model independent
Dalitz plot analysis (GGSZ [2]), where so-called cartesian coordinates x± = r

K
B cos(�KB ±�),

y± = r

K
B sin(�KB ± �), are measured. The analysis includes 2 fb�1 of integrated luminosity

recorded in 2012, which, when combined with our previous GGSZ result [3] on a data
set corresponding to an integrated luminosity of 1 fb�1 recorded in 2011, leads to an
independent measurement of � = (57 ± 16)� [1]. The purpose of this note is to study
the e↵ect of this new measurement on the value of � as obtained from a combination
of relevant LHCb measurements. The results in this note are obtained by updating the
frequentist procedure described in Ref. [4] with the new inputs.

The GGSZ analysis of the 2012 data was done independently from the 2011 data.
The new result is included by first combining the cartesian coordinates observed in
both measurements, taking into account their systematic correlations. This was done in
Ref. [1]. Then the combined cartesian coordinates are further combined with the other
measurements, obtained from the GLW/ADS methods as described in Ref. [4].

Results of the B

±! DK

± combination, including the new 3 fb�1 GGSZ measurement,
are presented in Table 1 and Figure 1. Figure 2 compares the new results to those obtained
from 1 fb�1 of 2011 data alone [4]. For the phases � and �

K
B the confidence intervals are

reduced significantly, especially at confidence levels over 95.5%, resulting in much more
Gaussian behaviour. The interval for rKB is also reduced. Figures 3 and 4 illustrate the
constraints from the new 3 fb�1 GGSZ measurement alone, and compare them to those
from the 1 fb�1 GLW/ADS measurements.

In conclusion, the e↵ect of the new GGSZ measurement using 3 fb�1 of data on the
combination of �-sensitive measurements using the B±! DK

± final state has been studied.
A central value of � = 67.2� is found. Using the same statistical treatment as in Ref. [4],
confidence intervals are set:

� 2 [55.1, 79.1]� at 68% CL ,

� 2 [43.9, 89.5]� at 95% CL .

Taking the best fit value as central value, the first interval is translated to

� = (67± 12)� at 68% CL .

All quoted values are modulo 180�.

1

most precise single expe
riment!

in agreement with BaBar/Belle
γ = (68+8.0-8.5)º - FPCP’13 CKMfitter



Δms: Bs oscillations
B(s),D,K neutral mesons oscillate

via loop diagram, NP can enter in the loop!

Bs very rapid oscillation! 

described by Schroedinger eq. with BH/L mass states

oscillation governed by Δms
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Figure 2: Decay time distribution for the sum of the five decay modes for candidates
tagged as mixed (red) or unmixed (blue). The data and the fit projection are plotted in a
signal window around the reconstructed B0

s mass.

The information provided by the opposite- and same-side taggers for the signal is219

combined to a single tagging decision q and a single mistag probability !(⌘OST , ⌘SST )220

using their respective calibration parameters p0OST/SST
and p1OST/SST

. The individual221

background components show di↵erent behaviours for candidates tagged by opposite- or222

same-side tagging algorithms. The b decay backgrounds show the same opposite-side223

tagging behaviour (q and !) as the signal, while the combinatorial background shows224

random tagging behaviour. For same-side tagged events we assume random tagging225

behaviour for all background components. We introduce tagging asymmetry parameters226

to allow for di↵erent numbers of candidates being tagged as mixed or unmixed and other227

parameters to describe the tagging e�ciencies for these backgrounds. As expected, the228

results of these asymmetry parameters is consistent with zero within the uncertainties.229
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constrained to be the same for the five decay modes. After unblinding the result is �ms231

= 17.768 ± 0.023 ps�1 (statistical uncertainty only). The decay time distribution for232
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projection of the fitted PDF distributions.234
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decay time scale. This has two main contributions. First there is the imperfect knowledge237
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�ms = 17.768± 0.023 (stat)± 0.006 (syst)

(Lenz and Nierste, 2011)�msm
s = 17.3± 2.6
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by the subleading penguin contributions are discussed,
e.g., in Ref. [15]. The same final state can also be produced
with KþK" pairs in an S-wave configuration [16]. This
S-wave final state is CP-odd. The measurement of !s

requires the CP-even and CP-odd components to be dis-
entangled by analyzing the distribution of the recon-
structed decay angles of the final-state particles.

In contrast to Ref. [5], this analysis uses the decay angles
defined in the helicity basis, as this simplifies the angular
description of the background and acceptance. The helicity
angles are denoted by ! ¼ ðcos "K; cos "#; ’hÞ, and their

definition is shown in Fig. 3. The polar angle "K ("#) is the
angle between the Kþ (#þ) momentum and the direction
opposite to the B0

s momentum in the KþK" (#þ#")
center-of-mass system. The azimuthal angle between the
KþK" and #þ#" decay planes is ’h. This angle is
defined by a rotation from the K" side of the KþK" plane
to the #þ side of the #þ#" plane. The rotation is positive
in the #þ#" direction in the B0

s rest frame. A definition of
the angles in terms of the particle momenta is given in the
Appendix.

The decay can be decomposed into four time-dependent
complex amplitudes, AiðtÞ. Three of these arise in the
P-wave decay and correspond to the relative orientation
of the linear polarization vectors of the J=c and!mesons,
where i 2 f0; k;?g and refers to the longitudinal,
transverse-parallel, and transverse-perpendicular orienta-
tions, respectively. The single KþK" S-wave amplitude is
denoted by ASðtÞ.

The distribution of the decay time and angles for a B0
s

meson produced at time t ¼ 0 is described by a sum of ten
terms, corresponding to the four polarization amplitudes

and their interference terms. Each of these is given by
the product of a time-dependent function and an angular
function [13]:

d4"ðB0
s ! J=cKþK"Þ

dtd!
/

X10

k¼1

hkðtÞfkð!Þ: (1)

The time-dependent functions hkðtÞ can be written as

hkðtÞ ¼ Nke
""st

!
ak cosh

"
1

2
#"st

#
þ bk sinh

"
1

2
#"st

#

þ ck cos ð#mstÞ þ dk sin ð#mstÞ
$
; (2)

where #ms is the mass difference between the heavy and
light B0

s mass eigenstates. The expressions for the fkð!Þ
and the coefficients of Eq. 2 are given in Table II [17,18].
The coefficients Nk are expressed in terms of the AiðtÞ
at t ¼ 0, from now on denoted as Ai. The amplitudes
are parametrized by jAijei$i with the conventions $0 ¼ 0
and jA0j2 þ jAkj2 þ jA?j2 ¼ 1. The S-wave fraction is
defined as FS ¼ jASj2=ðjA0j2 þ jAkj2 þ jA?j2 þ jASj2Þ ¼
jASj2=ðjASj2 þ 1Þ.
For the coefficients ak; . . . ; dk, three CP-violating

observables are introduced;

C & 1" j%j2
1þ j%j2 ; S & 2=ð%Þ

1þ j%j2 ; D & " 2<ð%Þ
1þ j%j2 ;

(3)

where the parameter % is defined below. These definitions
for S and C correspond to those adopted by HFAG [19],
and the sign of D is chosen such that it is equivalent to the
symbol A#"

f used in Ref. [19]. The CP-violating phase !s

FIG. 1. Feynman diagrams for B0
s - $B

0
s mixing, within the SM.

TABLE I. Results for !s and #"s from different experiments. The first uncertainty is statistical, and the second is systematic (apart
from the D0 result, for which the uncertainties are combined). The CDF confidence level (C.L.) range quoted is that consistent with
other experimental measurements of !s.

Experiment Data set [fb"1] References !s [rad] #"s [ps
"1]

LHCb (B0
s ! J=c!) 0.4 [5] 0:15' 0:18' 0:06 0:123' 0:029' 0:011

LHCb (B0
s ! J=c&þ&") 1.0 [6] "0:019þ0:173þ0:004

"0:174"0:003 ( ( (
LHCb (combined) 0:4þ 1:0 [6] 0:06' 0:12' 0:06 ( ( (
ATLAS 4.9 [7] 0:22' 0:41' 0:10 0:053' 0:021' 0:010
CMS 5.0 [8] ( ( ( 0:048' 0:024' 0:003
D0 8.0 [9] "0:55þ0:38

"0:36 0:163þ0:065
"0:064

CDF 9.6 [10] ½"0:60; 0:12* at 68% C.L. 0:068' 0:026' 0:009

R. AAIJ et al. PHYSICAL REVIEW D 87, 112010 (2013)
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Δms: Bs oscillations
flavor specific decay: Bs→Ds-π+

several Ds-→h+h-h- i.e Ds-→𝜙(K+K-)π- : ~34k events/fb-1

proper time resolution σ(t)∼44 fs, selection efficiency ϵ(t)

use of flavour tagging to identify mix and unmixed decays:

OST: lepton, K or seconcary vertex charge: B+→J/ψK+

SST: associated K

tagging efficiency, wrong tag probability, effective tagging 2.6±0.4 % (OST), 1.2±0.3% (SST)
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Figure 2: Decay time distribution for the sum of the five decay modes for candidates
tagged as mixed (red) or unmixed (blue). The data and the fit projection are plotted in a
signal window around the reconstructed B0

s mass.

The information provided by the opposite- and same-side taggers for the signal is219

combined to a single tagging decision q and a single mistag probability !(⌘OST , ⌘SST )220

using their respective calibration parameters p0OST/SST
and p1OST/SST

. The individual221

background components show di↵erent behaviours for candidates tagged by opposite- or222

same-side tagging algorithms. The b decay backgrounds show the same opposite-side223
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behaviour for all background components. We introduce tagging asymmetry parameters226
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parameters to describe the tagging e�ciencies for these backgrounds. As expected, the228

results of these asymmetry parameters is consistent with zero within the uncertainties.229

In the fit for the oscillation frequency �ms all tagging parameters as well as �ms are230

constrained to be the same for the five decay modes. After unblinding the result is �ms231
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Table 1. Number of candidates and B0
s signal fractions in the mass range

5.32–5.98 GeV/c2.
Decay mode (D�

s ⇡+) candidates fB0
s !D�

s ⇡+ fB0
s !D⌥

s K±

D�
s ! �(K+K�)⇡� 14 691 0.834 ± 0.008

D�
s ! K⇤0(K+⇡�)K� 10 866 0.857 ± 0.009

D�
s ! K+K�⇡� nonresonant 11 262 0.595 ± 0.009

D�
s ! K�⇡+⇡� 4288 0.437 ± 0.014

D�
s ! ⇡�⇡+⇡� 6674 0.599 ± 0.008 0.019 ± 0.010

Total 47 781 0.714 ± 0.004 0.019 ± 0.010

different b-hadron decay backgrounds are allowed to vary individually for each of the five
decay modes. Another component originates from B0

s ! D⌥
s K± decays, in which the kaon is

misidentified as a pion. This contribution is treated as a signal in the decay time analysis.
The requirement that the invariant mass be larger than 5.32 GeV/c2 rejects background

candidates from B0
s decays with additional particles in the decay not reconstructed, such as

B0
s ! D⇤�

s ⇡+(D⇤�
s ! D�

s ⇡ 0 or D�
s � ). The fitted number of signal candidates does not change

with respect to a fit in a larger mass window. The high mass sideband region 5.55–5.98 GeV/c2

provides a sample of mainly combinatorial background candidates. The mass distribution is
described by an exponential function, whose parameters are allowed to vary individually for the
five decay modes. By including this region in the fit, we are able to determine the decay time
distribution as well as the tagging behaviour of the combinatorial background.

The number of used candidates along with the signal fractions extracted from the two-
dimensional fit in mass and decay time are reported in table 1. One complication arises from
the fact that the shape of the invariant mass distribution of the B0

s ! D⌥
s K± events is very

similar to that of the B0 background. Therefore, the fraction of B0
s ! D⌥

s K± candidates has
been determined in a fit to the D�

s ! ⇡�⇡+⇡� mode only, in which no B0 background is present.
Subsequently this value is used for all the other modes.

5. Decay time description

The decay time of a particle is measured as

t = Lm

p
, (2)

where L is the distance between the production vertex and the decay vertex of the particle,
m its reconstructed invariant mass and p its reconstructed momentum. We use the decay time
calculated without the D�

s mass constraint to avoid a systematic dependence of the B0
s decay time

on the reconstructed invariant mass. The theoretical distribution of the decay time, t , ignoring
the oscillation and any detector resolution, is

Pt / 0s e�0st cosh
✓

10s

2
t

◆
✓(t), (3)
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fit to mass and proper time distribution PDF
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Figure 2. Decay time distribution for the sum of the five decay modes for
candidates tagged as mixed (different flavour at decay and production; red,
continuous line) or unmixed (same flavour at decay and production; blue, dotted
line). The data and the fit projections are plotted in a signal window around the
reconstructed B0

s mass of 5.32–5.55 GeV/c2.

8. Systematic uncertainties

With respect to the first measurement of 1ms at LHCb [13], all sources of systematic
uncertainties have been reevaluated.

The dominant source is related to the knowledge of the absolute value of the decay time.
This has two main contributions. First, the imperfect knowledge of the longitudinal (z) scale
of the detector contributes to the systematic uncertainty. It is obtained by comparing the track-
based alignment and survey data and evaluating the track distribution in the vertex detector.
This results in 0.02% uncertainty on the decay time scale and thus an absolute uncertainty of
±0.004 ps�1 on 1ms.

The second contribution to the uncertainty of the decay time scale comes from the
knowledge of the overall momentum scale. This has been evaluated by an independent study
using mass measurements of well-known resonances. Deviations from the reference values [27]
are measured to be within 0.15%. However, since both the measured invariant mass and
momentum enter the calculation of the decay time, this effect cancels to some extent. The
resulting systematic uncertainty on the decay time scale is evaluated from simulation to be
0.02%. This again translates to an absolute uncertainty of ±0.004 ps�1 on 1ms.

The next largest systematic uncertainty is due to a possible bias of the measured decay time
given by the track reconstruction and the selection procedure. This is estimated from simulated
data to be less than about 0.2 fs, and results in ±0.001 ps�1 systematic uncertainty on 1ms.

Various other sources contributing to the systematic uncertainty have been studied such
as the decay time acceptance, decay time resolution, variations of the value of 10s, different
signal models for the invariant mass and the decay time resolution, variations of the signal
fraction and the fraction of B0

s ! D⌥
s K± candidates. They are all found to be negligible. The

sources of systematic uncertainty on the measurement of 1ms are summarized in table 2.

New Journal of Physics 15 (2013) 053021 (http://www.njp.org/)
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where 0s is the B0
s decay width and 10s the decay width difference between the light and

heavy mass eigenstates2. The value for 10s is fixed to the latest value measured by LHCb [12]
10s = 0.106 ± 0.011 ± 0.007 ps�1. It is varied within its uncertainties to assess the systematic
effect on the measurement of1ms. The Heaviside step function ✓(t) restricts the PDF to positive
decay times.

To account for detector resolution effects, the decay time PDF is convolved with a Gaussian
distribution. The width �t is taken from an event-by-event estimate returned by the fitting
algorithm that reconstructs the B0

s decay vertex. Due to tracking detector resolution effects, �t

needs to be calibrated. A data-driven method, combining prompt D�
s mesons from the primary

interaction with random ⇡+ mesons, forms fake B0
s candidates. The decay time distribution of

these candidates, each divided by its event-by-event �t , is fitted with a Gaussian function. The
width provides a scale factor S�t = 1.37, by which each �t is multiplied, such that it represents
the correct resolution. By inspecting different regions of phase space of the fake B0

s candidates,
the uncertainty range on this number is found to be 1.25 < S�t < 1.45. The variation is taken
into account as part of the 1ms systematic studies. The resulting average decay time resolution
is S�t ⇥ h�ti = 44 fs.

Some of the selection criteria influence the shape of the decay time distribution, e.g. the
requirement of a large IP for B0

s daughter tracks. Thus, a decay time acceptance function Et(t)
has to be taken into account. Its parametrization is determined from simulated data and the
parameter describing its shape is allowed to vary in the fit to the data, while 0s is fixed to the
nominal value [27]. Taking into account resolution and decay time acceptance, the PDF given
in equation (3) is modified to

Pt(t |�t) /

0s e�0s t cosh

✓
10s

2
t

◆
✓(t)

�
⌦ G(t; 0, S�t�t)Et(t) (4)

with G(t; 0, S�t�t) being the resolution function determined by the method mentioned above.
The decay time PDFs for the B0 and 30

b backgrounds are identical to the signal PDF, except for
10 being zero, and 0s being replaced by their respective decay widths [27]. The shape of the
decay time distribution of the combinatorial background is determined with high mass sideband
data. It is parametrized by the sum of two exponential functions multiplied by a second-order
polynomial distribution. The exponential and polynomial parameters are allowed to vary in the
fit and are constrained to be the same for the five decay modes.

6. Flavour tagging

To determine the flavour of the B0
s meson at production, both opposite-side (OST) and same-

side (SST) tagging algorithms are used. The OST exploits the fact that b quarks at the LHC
are predominantly produced in quark–antiquark pairs. By partially reconstructing the second
b hadron in the event, conclusions on the flavour at production of the signal B0

s candidate can
be drawn. The OST has been optimized on large samples of B+ ! J/ K +, B ! µ+D⇤�X and
B0 ! D�⇡+ decays [24].

The SST takes advantage of the fact that the net strangeness of the pp collision is zero.
Therefore, the s quark needed for the hadronization of the B0

s meson must have been produced in
association with an s quark, which in about 50% of the cases hadronizes to form a charged kaon.

2 10s and 1ms are measured in units with h̄ = 1 throughout this paper.
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By identifying this kaon, the flavour at production of the signal B0
s candidate is determined. The

optimization of the SST was performed on a data sample of B0
s ! D�

s ⇡+ decays, which has a
large overlap with the sample used in this analysis [25]. However, since the oscillation frequency
is not correlated with the parameters describing tagging performance, this does not bias the 1ms

measurement.
The decisions given by both tagging algorithms have a probability ! to be incorrect. Each

tagging algorithm provides an estimate for the mistag probability ⌘; which is the output of
a neural network combining various event properties. The true mistag probability ! can be
parametrized as a linear function of the estimate ⌘ [24, 25]:

! = p0 + p1 ⇥ (⌘ � h⌘i) (5)

with h⌘i being the mean of the distribution of ⌘. This parametrization is chosen to minimize the
correlations between p0 and p1. The calibration is performed separately for the OST and SST.

The sets of calibration parameters (p0, p1)OST and (p0, p1)SST are allowed to vary in the fit.
The figure of merit of these tagging algorithms is called the effective tagging efficiency "eff. It
gives the factor by which the statistical power of the sample is reduced due to imperfect tagging
decisions. In this analysis, "eff is found to be (2.6 ± 0.4)% for the OST and (1.2 ± 0.3)% for the
SST. Uncertainties are statistical only.

7. Measurement of 1ms

Adding the information of the flavour tagging algorithms, the decay time PDF for tagged signal
candidates is modified to

Pt(t |�t) /
⇢
0s e�0s t 1

2


cosh

✓
10s

2
t

◆
+ q [1 � 2!(⌘OST, ⌘SST)] cos(1mst)

�
✓(t)

�

⌦ G(t, S�t �t) Et(t) ✏, (6)

where ✏ gives the fraction of candidates with a tagging decision. Signal candidates without a
tagging decision are still described by equation (4) multiplied by an additional factor (1 � ✏) to
ensure relative normalization.

The information provided by the opposite-side and same-side taggers for the signal is
combined to a single tagging decision q and a single mistag probability !(⌘OST, ⌘SST) using their
respective calibration parameters p0OST/SST and p1OST/SST . The individual background components
show different tagging characteristics for candidates tagged by the OST or SST. The b hadron
backgrounds show the same opposite-side tagging behaviour (q and !) as the signal, while
the combinatorial background shows random tagging behaviour. For same-side tagged events,
we assume random tagging behaviour for all background components. We introduce tagging
asymmetry parameters to allow for different numbers of candidates being tagged as mixed
or unmixed, and other parameters to describe the tagging efficiencies for these backgrounds.
As expected, the fitted values of these asymmetry parameters are consistent with zero within
uncertainties.

All tagging parameters, as well as the value for 1ms, are constrained to be the same for
the five decay modes. The result is 1ms = 17.768 ± 0.023 ps�1 (statistical uncertainty only).
The likelihood profile was examined and found to have a Gaussian shape up to nine standard
deviations. The decay time distributions for candidates tagged as mixed or unmixed are shown
in figure 2, together with the decay time projections of the PDF distributions resulting from the
fit.
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convolution t-resolution q=0,1(unmix),-1(mix), ω (wrong tag), ϵ (tag eff)

syst: reference and scale of proper time
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Table 2. Systematic uncertainties on the 1ms measurement. The total systematic
uncertainty is calculated as the quadratic sum of the individual contributions.
Source Uncertainty (ps�1)

z-scale 0.004
Momentum scale 0.004
Decay time bias 0.001
Total systematic uncertainty 0.006

9. Conclusion

A measurement of the B0
s – B

0
s oscillation frequency 1ms is performed using B0

s ! D�
s ⇡+

decays in five different D�
s decay channels. Using a data sample corresponding to an integrated

luminosity of 1.0 fb�1 collected by LHCb in 2011, the oscillation frequency is found to be

1ms = 17.768 ± 0.023 (stat) ± 0.006 (syst) ps�1,

in good agreement with the first result reported by the LHCb experiment [13] and the current
world average, 17.69 ± 0.08 ps�1 [27]. This is the most precise measurement of 1ms to date,
and will be a crucial ingredient in future searches for BSM physics in B0

s oscillations.
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Fig. 2. Distribution of the decay time (black points) for (left) B0 → D−π+ and (right) B0 → J/ψ K ∗0 candidates. The blue dashed line shows the fit projection of the signal,
the dotted orange line corresponds to the combinatorial background with long lifetime and the dash dotted red line shows the combinatorial background with short lifetime
(only in the B0 → J/ψ K ∗0 mode). The black solid line corresponds to the projection of the combined PDF.

Fig. 3. Raw mixing asymmetry Amix (black points) for (left) B0 → D−π+ and (right) B0 → J/ψ K ∗0 candidates. The solid black line is the projection of the mixing asymmetry
of the combined PDF.

The resulting values for #md are 0.5178 ± 0.0061 ps−1 and
0.5096 ± 0.0114 ps−1 in the B0 → D−π+ and B0 → J/ψ K ∗0 de-
cay modes respectively. The fit yields 87 724 ± 321 signal decays
for B0 → D−π+ and 39 148±316 signal decays for B0 → J/ψ K ∗0.
The fit projections onto the decay time distributions are displayed
in Fig. 2 and the resulting asymmetries are shown in Fig. 3. No re-
sult for the B0 lifetime is quoted, since it is affected by possible
biases due to acceptance corrections. These acceptance effects do
not influence the measurement of #md .

7. Systematic uncertainties

As explained in Section 5, systematic effects due to the de-
cay time resolution are expected to be small. This is tested us-
ing samples of simulated events that are generated with de-
cay time distributions given by the result of the fit to data
and convolved with the average measured decay time resolu-
tion of 0.05 ps. The event samples are then fitted with the
PDF described in Section 6, with the decay time resolution pa-
rameter fixed either to zero or to σt = 0.10 ps. The maximum
observed bias on #md of 0.0002 ps−1 is assigned as system-
atic uncertainty. Systematic effects due to decay time acceptance
are estimated in a similar study, generating samples of simu-
lated events according to the nominal decay time acceptance
functions described in Section 5. These samples are then fitted
with the PDF described in Section 6, but neglecting the decay
time acceptance function in the fit. The average observed shift
of 0.0004 ps−1 (0.0001 ps−1) in B0 → D−π+ (B0 → J/ψ K ∗0)
decays is taken as systematic uncertainty. The influence of event-
by-event variation of the decay time resolution is found to be
negligible.

In order to estimate systematic effects due to the parametrisa-
tion of the decay time PDFs for signal and background, an alter-
native parametrisation is derived with a data-driven method, using
sWeights [32] from a fit to the mass distribution. The sWeighted de-
cay time distributions for the signal and background components
are then described by Gaussian kernel PDFs, which replace the ex-
ponential terms of the decay time PDF. This leads to a description
of the data which is independent of a model for the decay time
and its acceptance, that can be used to fit for #md . The result-
ing shifts of 0.0037 ps−1 (0.0022 ps−1) in the decay B0 → D−π+

(B0 → J/ψ K ∗0) are taken as the systematic uncertainty due to the
fit model.

Uncertainties in the geometric description of the detector lead
to uncertainties in the measurement of flight distances and the
momenta of final state particles. From alignment measurements on
the vertex detector, the relative uncertainty on the length scale is
known to be smaller than 0.1%. This uncertainty translates directly
into a relative systematic uncertainty on #md , yielding an absolute
uncertainty of 0.0005 ps−1.

From measurements of biases in the reconstructed J/ψ mass
in several run periods, the relative uncertainty on the uncalibrated
momentum scale is measured to be smaller than 0.15%. This un-
certainty, however, cancels to a large extent in the calculation of
the B0 decay time, as it affects both the reconstructed B0 mo-
mentum and its reconstructed mass, which is dominated by the
measured momenta of the final state particles. The remaining sys-
tematic uncertainty on the decay time is found to be an order of
magnitude smaller than that due to the length scale and is ne-
glected.

A summary of the systematic uncertainties can be found in Ta-
ble 1. The systematic uncertainty on the combined #md result is
calculated using a weighted average of the combined uncorrelated
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Table 1
Systematic uncertainties on !md in ps−1.

B0 → J/ψ K ∗0 B0 → D−π+

Acceptance 0.0001 0.0004
Decay time resolution 0.0002 0.0002
Fit model 0.0022 0.0037

Total uncorrelated 0.0022 0.0037

Length scale 0.0005 0.0005

Total including correlated 0.0023 0.0037

uncertainties in both channels. The uncertainty on the length scale
is fully correlated across the channels and therefore added after
the combination.

8. Conclusion

The B0–B0 oscillation frequency !md has been measured us-
ing samples of B0 → D−π+ and B0 → J/ψ K ∗0 events collected in
1.0 fb−1 of pp collisions at

√
s = 7 TeV and is found to be

!md
(

B0 → D−π+)
= 0.5178 ± 0.0061 (stat.)

± 0.0037 (syst.) ps−1 and

!md
(

B0 → J/ψ K ∗0) = 0.5096 ± 0.0114 (stat.)

± 0.0022 (syst.) ps−1.

The combined value for !md is calculated as the weighted average
of the individual results taking correlated systematic uncertainties
into account

!md = 0.5156 ± 0.0051 (stat.) ± 0.0033 (syst.) ps−1.

It is currently the most precise measurement of this parameter.
The relative uncertainty on !md is 1.2%, where it is around 0.6%
for !ms [7]. Thus, the uncertainty on the ratio !md/!ms is dom-
inated by !md . As the systematic uncertainties in the !md and
!ms measurements are small, the error on the ratio can be fur-
ther improved with more data.
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CP semileptonic asymmetry

CP due to mixing

via flavor specific decays (semileptonic):

Bs→Ds+µν, Ds+→𝜙(K+K-)π+

𝜙s12 is very small in SM ~0.2º but can be 
affected by NP!
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1 Introduction

The CP asymmetry in B

0
s

�B

0
s

mixing is a sensitive probe of new physics. In
the neutral B system (B0 or B0

s

), the mixing of the flavour eigenstates (the
neutral B and its antiparticle B) is governed by a 2 ⇥ 2 complex e↵ective
Hamiltonian matrix [1]
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which operates on the neutral B and B flavour eigenstates. The mass eigen-
states have eigenvalues MH and ML. Other measurable quantities are the
mass di↵erence �M , the width di↵erence ��, and the semileptonic (or
flavour-specific) asymmetry asl. These quantities are related to the o↵-
diagonal matrix elements and the phase �12 ⌘ arg (�M12/�12) by
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where B(t) is the state into which a produced B meson has evolved after a
proper time t measured in the meson rest frame, and f indicates a flavour-
specific final state. The term flavour-specific means that the final state is
only reachable by the decay of the B meson, and consequently reachable
by a meson originally produced as a B only through mixing. We use the
semileptonic flavour specific final state and thus refer to this quantity as asl.
Note that asl is decay time independent. Throughout the paper, mention of
a specific channel implies the inclusion of the charge-conjugate mode, except
in reference to asymmetries.

The phase �12 is very small in the Standard Model (SM), in particular,
for B

0
s

mixing, �s

12 is approximately 0.2� [2].1 New physics can a↵ect this
phase [3, 4] and therefore a

s

sl. The D0 collaboration has reported evidence
for a decay asymmetry A

b

sl = (�0.787± 0.172± 0.093)% in a mixture of B0

and B

0
s

semileptonic decays, where the first uncertainty is statistical and the
second systematic [5]. This asymmetry is much larger in magnitude than the
SM predictions for semileptonic asymmetries in B

0
s

and B

0 decays, namely

1This phase should not be confused with the CP violation phase measured in B0
s

!
J/ � and B0

s

! J/ ⇡+⇡� decays, sometimes called �
s

[4].
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a

s

sl = (1.9 ± 0.3) ⇥ 10�5 and a

d
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s

sl =
(�1.12 ± 0.74 ± 0.17)% [7], consistent both with the anomalous asymmetry
A
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sl and the SM predictions for a

s

sl and a

d

sl. If the measured value of Ab

sl is
confirmed, this would demonstrate the presence of physics beyond the SM
in the quark sector. The e

+
e

�
B-factory average asymmetry in B

0 decays
is adsl = (0.02± 0.31)% [8], in good agreement with the SM. A measurement
of assl with comparable accuracy is important to establish whether physics
beyond the SM influences flavour oscillations in the B

0
s

system.
When measuring a semileptonic asymmetry at a pp collider, such as the

LHC, particle-antiparticle production asymmetries, denoted as aP, as well as
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where �M

s

and �
s

are the mass di↵erence and average decay width of the
B

0
s

� B

0
s

meson system, respectively, and ✏(t) is the decay time acceptance
function for B0

s

mesons. Due to the large value of �M

s

, 17.768 ±0.024 ps�1

[9], the oscillations are rapid and the integral ratio in Eq. (4) is approximately
0.2%. Since the production asymmetry within the detector acceptance is
expected to be at most a few percent [10, 11, 12], this reduces the e↵ect of
ap to the level of a few 10�4 for B0

s

decays. This is well beneath our target
uncertainty of the order of 10�3, and thus can be neglected, therefore yielding
Ameas=0.5 a

s
sl.

The measurement could be a↵ected by a detection charge-asymmetry,
which may be induced by the event selection, tracking, and muon selection
criteria. The measured asymmetry can be written as

Ameas = A

c
µ

� Atrack � Abkg, (5)
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Figure 6: Measurements of semileptonic decay asymmetries. The bands corre-
spond to the central values ±1 standard deviation uncertainties, defined as the
sum in quadrature of the statistical and systematic errors. The solid dot indicates
the SM prediction.

7 Conclusions

We measure the asymmetry a

s

sl, which is twice the measured asymmetry
between D

�
s

µ

+ and D

+
s

µ

� yields, to be

a

s

sl = (�0.06± 0.50± 0.36)%.

Figure 6 shows this measurement, the D0 measured asymmetries in dimuon
decays in 1.96 TeV pp collisions of A

b

sl = (�0.787 ± 0.172 ± 0.093)% [5],
a

d

sl = (0.68 ± 0.45 ± 0.14)% [6], and a

s

sl = (�1.12 ± 0.74 ± 0.17)% [7], and
the most recent average from B-factories [8], namely a

d

sl = (0.02 ± 0.31)%.
Our result for a

s

sl is currently the most precise measurement made and is
consistent with the SM.
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This Letter reports a measurement of the CP violation observables S J/ψ K 0
S

and C J/ψ K 0
S

in the decay

channel B0 → J/ψ K 0
S performed with 1.0 fb−1 of pp collisions at

√
s = 7 TeV collected by the

LHCb experiment. The fit to the data yields S J/ψ K 0
S

= 0.73 ± 0.07 (stat) ± 0.04 (syst) and C J/ψ K 0
S

=
0.03 ± 0.09 (stat) ± 0.01 (syst). Both values are consistent with the current world averages and within
expectations from the Standard Model.

 2013 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

The source of CP violation in the electroweak sector of the
Standard Model (SM) is the single irreducible complex phase of
the Cabibbo–Kobayashi–Maskawa (CKM) quark mixing matrix [1,2].
The decay B0 → J/ψ K 0

S is one of the theoretically cleanest modes
for the study of CP violation in the B0 meson system. Here, the B0

and B0 mesons decay to a common CP-odd eigenstate allowing for
interference through B0–B0 mixing.

In the B0 system the decay width difference "Γd between the
heavy and light mass eigenstates is negligible. Therefore, the time-
dependent decay rate asymmetry can be written as [3,4]

A J/ψ K 0
S
(t) ≡ Γ (B0(t) → J/ψ K 0

S ) − Γ (B0(t) → J/ψ K 0
S )

Γ (B0(t) → J/ψ K 0
S ) + Γ (B0(t) → J/ψ K 0

S )

= S J/ψ K 0
S

sin("mdt) − C J/ψ K 0
S

cos("mdt). (1)

Here B0(t) and B0(t) are the states into which particles produced
at t = 0 as B0 and B0 respectively have evolved, when decaying at
time t . The parameter "md is the mass difference between the two
B0 mass eigenstates. The sine term results from the interference
between direct decay and decay after B0–B0 mixing. The cosine
term arises either from the interference between decay amplitudes
with different weak and strong phases (direct CP violation) or from
CP violation in B0–B0 mixing.

In the SM, CP violation in mixing and direct CP violation are
both negligible in B0 → J/ψ K 0

S decays, hence C J/ψ K 0
S

≈ 0, while
S J/ψ K 0

S
≈ sin 2β , where the CKM angle β can be expressed in

terms of the CKM matrix elements as arg |−V cd V ∗
cb/Vtd V ∗

tb|. It
can also be measured in other B0 decays to final states includ-
ing charmonium such as J/ψ K 0

L , J/ψ K ∗0, ψ(2S)K (∗)0, which have

! © CERN for the benefit of the LHCb Collaboration.

been used in measurements by the BaBar and Belle Collaborations
[5,6]. Currently, the world averages are S J/ψ K 0

S
= 0.679±0.020 and

C J/ψ K 0
S

= 0.005 ± 0.017 [7].
The time-dependent measurement of the CP parameters S J/ψ K 0

S
and C J/ψ K 0

S
requires flavour tagging, i.e. the knowledge whether

the decaying particle was produced as a B0 or a B0 meson.
If a fraction ω of candidates is tagged incorrectly, the accessi-
ble time-dependent asymmetry A J/ψ K 0

S
(t) is diluted by a factor

(1−2ω). Hence, a measurement of the CP parameters requires pre-
cise knowledge of the wrong tag fraction. Additionally, the asym-
metry between the production rates of B0 and B0 has to be deter-
mined as it affects the observed asymmetries.

In this Letter, the most precise measurement of S J/ψ K 0
S

and
C J/ψ K 0

S
to date at a hadron collider is presented using approxi-

mately 8200 flavour-tagged B0 → J/ψ K 0
S decays.

2. Data samples and selection requirements

The data sample consists of 1.0 fb−1 of pp collisions recorded
in 2011 at a centre-of-mass energy of

√
s = 7 TeV with the LHCb

experiment at CERN. The detector [8] is a single-arm forward spec-
trometer covering the pseudorapidity range 2 to 5, designed for
the study of particles containing b or c quarks. It includes a high
precision tracking system consisting of a silicon-strip vertex de-
tector surrounding the pp interaction region, a large-area silicon-
strip detector located upstream of a dipole magnet with a bending
power of about 4 T m, and three stations of silicon-strip detectors
and straw drift-tubes placed downstream. The combined tracking
system has a momentum resolution "p/p that varies from 0.4%
at 5 GeV/c to 0.6% at 100 GeV/c, and an impact parameter resolu-
tion of 20 µm for tracks with high transverse momentum. Charged
hadrons are identified using two ring-imaging Cherenkov detec-
tors. Photon, electron and hadron candidates are identified by a

0370-2693/  2013 CERN. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2013.02.054
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Fig. 1. Invariant mass (left) and decay time (right) distributions of the B0 → J/ψ K 0
S candidates. The solid line shows the projection of the full PDF and the shaded area the

projection of the background component.

Fig. 2. (Colour online.) Time-dependent asymmetry (NB0 − NB0 )/(NB0 + NB0 ). Here,
NB0 (NB0 ) is the number of B0 → J/ψ K 0

S decays with a B0 (B0) flavour tag. The
data points are obtained with the sPlot technique, assigning signal weights to the
events based on a fit to the reconstructed mass distributions. The solid curve is
the signal projection of the PDF. The green shaded band corresponds to the one
standard deviation statistical error.

from pseudo-experiments where the time-dependent efficiencies
measured from data are used in the generation but omitted in the
fits. Additionally, a possible inaccuracy in the description of the ef-
ficiency decrease at large decay times is checked by varying the
parameters within their errors, but is found to be negligible.

The uncertainty induced by the limited knowledge of the back-
ground distributions is evaluated from a fit method based on the
sPlot technique. A fit with the PDFs for the reconstructed mass
is performed to extract signal weights for the distributions in the
other observable dimensions. These weights are then used to per-
form a fit with the PDF of the signal component only. The dif-
ference in fit results is treated as an estimate of the systematic
uncertainty.

To estimate the influence of possible biases in the CP param-
eters emerging from the fit method itself, the method is probed
with a large set of pseudo-experiments. Systematic uncertainties
of 0.004 for S J/ψ K 0

S
and 0.005 for C J/ψ K 0

S
are assigned based on

the biases observed in different fit settings.
The uncertainty on the scale of the longitudinal axis and on the

scale of the momentum [23] sum to a total uncertainty of < 0.1%
on the decay time. This has a negligible effect on the CP param-
eters. Likewise, potential biases from a non-random choice of the
B0 candidate in events with multiple candidates are found to be
negligible.

The sources of systematic effects and the resulting systematic
uncertainties on the CP parameters are quoted in Table 1 where

Table 1
Summary of systematic uncertainties on the CP parameters.

Origin σ (S J/ψ K 0
S
) σ (C J/ψ K 0

S
)

Tagging calibration 0.034 0.001
Tagging efficiency difference 0.002 0.002
Decay time resolution 0.001 0.002
Decay time acceptance 0.002 0.006
Background model 0.012 0.009
Fit bias 0.004 0.005

Total 0.036 0.012

the total systematic uncertainty is calculated by summing the in-
dividual uncertainties in quadrature.

The analysis strategy makes use of the time-integrated and
time-dependent decay rates of B0 → J/ψ K 0

S decays that are
tagged as B0/B0 meson. Cross-check analyses exploiting only the
time-integrated or only the time-dependent information show that
both give results that are in good agreement and contribute to the
full analysis with comparable statistical power.

7. Conclusion

In a dataset of 1.0 fb−1 collected with the LHCb detector, ap-
proximately 8200 flavour tagged decays of B0 → J/ψ K 0

S are se-
lected to measure the CP observables S J/ψ K 0

S
and C J/ψ K 0

S
, which

are related to the CKM angle β . A fit to the time-dependent decay
rates of B0 and B0 decays yields

S J/ψ K 0
S

= 0.73 ± 0.07 (stat) ± 0.04 (syst),

C J/ψ K 0
S

= 0.03 ± 0.09 (stat) ± 0.01 (syst),

with a statistical correlation coefficient of ρ(S J/ψ K 0
S
, C J/ψ K 0

S
) =

0.42. This is the first significant measurement of CP violation in
B0 → J/ψ K 0

S decays at a hadron collider [24]. The measured val-
ues are in agreement with previous measurements performed at
the B factories [5,6] and with the world averages [7].
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This Letter reports a measurement of the CP violation observables S J/ψ K 0
S

and C J/ψ K 0
S

in the decay

channel B0 → J/ψ K 0
S performed with 1.0 fb−1 of pp collisions at

√
s = 7 TeV collected by the

LHCb experiment. The fit to the data yields S J/ψ K 0
S

= 0.73 ± 0.07 (stat) ± 0.04 (syst) and C J/ψ K 0
S

=
0.03 ± 0.09 (stat) ± 0.01 (syst). Both values are consistent with the current world averages and within
expectations from the Standard Model.

 2013 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

The source of CP violation in the electroweak sector of the
Standard Model (SM) is the single irreducible complex phase of
the Cabibbo–Kobayashi–Maskawa (CKM) quark mixing matrix [1,2].
The decay B0 → J/ψ K 0

S is one of the theoretically cleanest modes
for the study of CP violation in the B0 meson system. Here, the B0

and B0 mesons decay to a common CP-odd eigenstate allowing for
interference through B0–B0 mixing.

In the B0 system the decay width difference "Γd between the
heavy and light mass eigenstates is negligible. Therefore, the time-
dependent decay rate asymmetry can be written as [3,4]

A J/ψ K 0
S
(t) ≡ Γ (B0(t) → J/ψ K 0

S ) − Γ (B0(t) → J/ψ K 0
S )

Γ (B0(t) → J/ψ K 0
S ) + Γ (B0(t) → J/ψ K 0

S )

= S J/ψ K 0
S

sin("mdt) − C J/ψ K 0
S

cos("mdt). (1)

Here B0(t) and B0(t) are the states into which particles produced
at t = 0 as B0 and B0 respectively have evolved, when decaying at
time t . The parameter "md is the mass difference between the two
B0 mass eigenstates. The sine term results from the interference
between direct decay and decay after B0–B0 mixing. The cosine
term arises either from the interference between decay amplitudes
with different weak and strong phases (direct CP violation) or from
CP violation in B0–B0 mixing.

In the SM, CP violation in mixing and direct CP violation are
both negligible in B0 → J/ψ K 0

S decays, hence C J/ψ K 0
S

≈ 0, while
S J/ψ K 0

S
≈ sin 2β , where the CKM angle β can be expressed in

terms of the CKM matrix elements as arg |−V cd V ∗
cb/Vtd V ∗

tb|. It
can also be measured in other B0 decays to final states includ-
ing charmonium such as J/ψ K 0

L , J/ψ K ∗0, ψ(2S)K (∗)0, which have

! © CERN for the benefit of the LHCb Collaboration.

been used in measurements by the BaBar and Belle Collaborations
[5,6]. Currently, the world averages are S J/ψ K 0

S
= 0.679±0.020 and

C J/ψ K 0
S

= 0.005 ± 0.017 [7].
The time-dependent measurement of the CP parameters S J/ψ K 0

S
and C J/ψ K 0

S
requires flavour tagging, i.e. the knowledge whether

the decaying particle was produced as a B0 or a B0 meson.
If a fraction ω of candidates is tagged incorrectly, the accessi-
ble time-dependent asymmetry A J/ψ K 0

S
(t) is diluted by a factor

(1−2ω). Hence, a measurement of the CP parameters requires pre-
cise knowledge of the wrong tag fraction. Additionally, the asym-
metry between the production rates of B0 and B0 has to be deter-
mined as it affects the observed asymmetries.

In this Letter, the most precise measurement of S J/ψ K 0
S

and
C J/ψ K 0

S
to date at a hadron collider is presented using approxi-

mately 8200 flavour-tagged B0 → J/ψ K 0
S decays.

2. Data samples and selection requirements

The data sample consists of 1.0 fb−1 of pp collisions recorded
in 2011 at a centre-of-mass energy of

√
s = 7 TeV with the LHCb

experiment at CERN. The detector [8] is a single-arm forward spec-
trometer covering the pseudorapidity range 2 to 5, designed for
the study of particles containing b or c quarks. It includes a high
precision tracking system consisting of a silicon-strip vertex de-
tector surrounding the pp interaction region, a large-area silicon-
strip detector located upstream of a dipole magnet with a bending
power of about 4 T m, and three stations of silicon-strip detectors
and straw drift-tubes placed downstream. The combined tracking
system has a momentum resolution "p/p that varies from 0.4%
at 5 GeV/c to 0.6% at 100 GeV/c, and an impact parameter resolu-
tion of 20 µm for tracks with high transverse momentum. Charged
hadrons are identified using two ring-imaging Cherenkov detec-
tors. Photon, electron and hadron candidates are identified by a

0370-2693/  2013 CERN. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2013.02.054
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𝜙s is -2βs in absence of NP!

Golden channels: 

Bs→J/ψK+K-, mostly Bs→J/ψ𝜙(K+K-), vector-
vector, separate via angular distributions CP 
even and odd components ⇒ angular 
analysis

Bs→J/ψπ+π-, mostly Bs→J/ψf0(980), vector-
pseudoscalar, CP odd component
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Figure 4: Invariant mass distributions of the µ

+
µ

� (left) and K

+
K

� (right) systems in
the selected sample of B0

s ! J/ K

+
K

� candidates (full m(J/ K+
K

�) range). The solid
blue line represents a fit to the data points. For the di-muon system, the total fit model
is the sum of a Crystal-Ball shape and a linear background. For the di-kaon system the
total fit model is the sum of a relativistic Breit-Wigner convolved with a Gaussian to
model the dominant �-meson peak, and a phase space function to describe the K

+
K

�

S-wave and combinatorial background.

]2) [MeV/c-K+Kψm(J/
5320 5340 5360 5380 5400 5420

)2
C

an
di

da
te

s /
 (2

.5
  M

eV
/c

0
500

1000
1500
2000
2500
3000
3500
4000
4500

LHCb

Figure 5: Invariant mass distribution of the triggered and selected B

0
s ! J/ K

+
K

�

candidates. The mass of the µ+
µ

� pair constrained to the nominal J/ mass [26]. Curves
for the fitted contributions from signal (dotted red), background (dotted green) and their
combination (solid blue) are overlaid.

with an estimated decay time error, �t, larger than 0.12 ps are removed from the event144
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Figure 4 shows the invariant mass of the µ
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� (left) and K
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K

� (right) pairs which146

remain after the full selection and trigger is applied, using the full B0
s invariant mass147

range. Figure 5 shows the m(J/ K+
K

�) distribution for events originating from both the148

unbiased and biased triggers, along with corresponding projections of unbinned maximum149
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Figure 2: Mass distribution of the selected J/ ⇡+⇡� combinations in the fodd region. The
blue solid curve shows the result of a fit with a double Gaussian signal (red solid curve) and
several background components: combinatorial background (brown dotted line), back-
ground from B� ! J/ K� and J/ ⇡� (green short-dashed line), B0 ! J/ ⇡+⇡� (purple
dot-dashed), B0

s

! J/ ⌘0 and B0
s

! J/ � when � ! ⇡+⇡�⇡0 (black dot-long-dashed),
and B0 ! J/ K�⇡+ (light-blue long-dashed).
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determined by fitting the J/ ⇡+⇡� mass in bins of ⇡+⇡� mass. The arrows designate the
limits of the fodd region.
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4

4115! 43 were exclusively selected by the biased trigger.
The uncertainties quoted here come from propagating the
uncertainty on the signal fraction evaluated by the fit.

Figure 5 shows the invariant mass of the !þ!#

and KþK# pairs satisfying the selection requirements.
The background has been subtracted using the sPlot [32]
technique with mðJ=cKþK#Þ as the discriminating vari-
able. In both cases fits are also shown. For the dimuon
system, the fit model is a double Crystal-Ball shape [33].
For the dikaon system, the total fit model is the sum of
a relativistic P-wave Breit-Wigner distribution convolved
with a Gaussian function to model the dominant "-meson
peak and a polynomial function to describe the small
KþK# S-wave component.

V. DECAY-TIME RESOLUTION

If the decay-time resolution is not negligibly small
compared to the B0

s-meson oscillation period 2#=!ms &
350 fs, it affects the measurement of the oscillation ampli-
tude, and thereby "s. For a given decay-time resolution,

$t, the dilution of the amplitude can be expressed as
D ¼ exp ð#$2

t!m
2
s=2Þ [34]. The relative systematic un-

certainty on the dilution directly translates into a relative
systematic uncertainty on "s.
For each reconstructed candidate, $t is estimated by the

vertex fit with which the decay time is calculated. The signal
distribution of $t is shown in Fig. 6, where the sPlot tech-
nique is used to subtract the background. To account for the
fact that track parameter resolutions are not perfectly cali-
brated and that the resolution function is not Gaussian, a
triple Gaussian resolution model is constructed:

Rðt;$tÞ ¼
X3

i¼1

fiffiffiffiffiffiffiffi
2#

p
ri$t

exp
"
#ðt# dÞ2

2r2i$
2
t

#
; (8)

where d is a common small offset of a few fs, ri are
event-independent resolution scale factors, and fi is the
fraction of each Gaussian component, normalized such thatP

fi ¼ 1.
The scale factors are estimated from a sample of prompt

!þ!#KþK# combinations that pass the same selection
criteria as the signal except for those that affect the decay-
time distribution. This sample consists primarily of prompt
combinations that have a true decay time of zero.
Consequently, the shape of the decay-time distribution close
to zero is representative of the resolution function itself.
Prompt combinations for which the muon pair originates

from a real J=c meson have a better resolution than those
with random muon pairs. Furthermore, fully simulated
events confirm that the resolution evaluated using prompt
J=c ! !þ!# decays with two random kaons is more
representative for the resolution of B0

s signal decays than
the purely combinatorial background. Consequently, in the
data only J=cKþK# events are used to estimate the
resolution function. These are isolated using the sPlot
method to subtract the !þ!# combinatorial background.
The background-subtracted decay-time distribution for

J=cKþK# candidates is shown in Fig. 7 using linear and
logarithmic scales. The distribution is characterized by a
prompt peak and a tail due to J=c mesons from B decays.
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FIG. 4 (color online). Invariant-mass distribution of the
selected B0

s ! J=cKþK# candidates. The mass of the !þ!#

pair is constrained to the J=c mass [11]. Curves for the fitted
contributions from signal (dotted red), background (dotted
green), and their combination (solid blue) are overlaid.
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FIG. 5 (color online). Background-subtracted invariant-mass distributions of the (a) !þ!# and (b) KþK# systems in the selected
sample of B0

s ! J=cKþK# candidates. The solid blue line represents the fit to the data points described in the text.
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Fig. 1. Distributions of the BDT variable for both training and test samples of
J/ψππ signal and background events. The signal samples are from simulation and
the background samples derived from data. (For interpretation of the references to
color in this figure, the reader is referred to the web version of this Letter.)

proportional chambers. The trigger consists of a hardware stage,
based on information from the calorimeter and muon systems,
followed by a software stage which applies a full event recon-
struction.

Events were triggered by detecting two muons with an invari-
ant mass within 120 MeV of the nominal J/ψ mass [14]. To be
considered a J/ψ candidate, particles of opposite charge are re-
quired to have pT greater than 500 MeV, be identified as muons,
and form a vertex with fit χ2 per number of degrees of free-
dom less than 16. Only candidates with a dimuon invariant mass
between −48 MeV and +43 MeV of the J/ψ mass peak are se-
lected. For further analysis the four-momenta of the dimuons are
constrained to yield the J/ψ mass.

For this analysis we use a Boosted Decision Tree (BDT) [15] to
set the J/ψπ+π− selection requirements. We first implement a
preselection that preserves a large fraction of the signal events, in-
cluding the requirements that the pions have pT > 250 MeV and
be identified by the RICH. B0

s candidate decay tracks must form
a common vertex that is detached from the primary vertex. The
angle between the combined momentum vector of the decay prod-
ucts and the vector formed from the positions of the primary and
the B0

s decay vertices (pointing angle) is required to be consistent
with zero. If more than one primary vertex is found the one cor-
responding to the smallest IP significance of the B0

s candidate is
chosen.

The variables used in the BDT are the muon identification qual-
ity, the probability that the π± come from the primary vertex
(implemented in terms of the IP χ2), the pT of each pion, the B0

s
vertex χ2, the pointing angle and the B0

s flight distance from pro-
duction to decay vertex. For various calibrations we also analyze
samples of B0 → J/ψ K ∗0, K ∗0 → π+K − , and its charge-conjugate.
The same selections are used as for J/ψπ+π− except for particle
identification.

The BDT is trained with B0
s → J/ψ f0(980) Monte Carlo events

generated using Pythia [16] and the LHCb detector simulation
based on Geant4 [17]. The following two data samples are
used to study the background. The first contains J/ψπ+π+ and
J/ψπ−π− events with m( J/ψπ±π±) within ±50 MeV of the B0

s
mass, called the like-sign sample. The second consists of events in
the B0

s sideband having m( J/ψπ+π−) between 200 and 250 MeV
above the B0

s mass peak. In both cases we require 775 < m(ππ) <
1550 MeV.

Separate samples are used to train and test the BDT. Training
samples consist of 74,230 signal and 31,508 background events,

Fig. 2. Mass distribution of the selected J/ψπ+π− combinations in the fodd region.
The blue solid curve shows the result of a fit with a double Gaussian signal (red
solid curve) and several background components: combinatorial background (brown
dotted line), background from B− → J/ψ K − and J/ψπ− (green short-dashed line),
B0 → J/ψπ+π− (purple dot-dashed), B0

s → J/ψη′ and B0
s → J/ψφ when φ →

π+π−π0 (black dot-long-dashed), and B0 → J/ψ K −π+ (light-blue long-dashed).
(For interpretation of the references to color in this figure, the reader is referred to
the web version of this Letter.)

Fig. 3. Mass distribution of selected π+π− combinations shown as the (solid black)
histogram for events in the B0

s signal region. The (dashed red) line shows the back-
ground determined by fitting the J/ψπ+π− mass in bins of π+π− mass. The
arrows designate the limits of the fodd region. (For interpretation of the references
to color in this figure, the reader is referred to the web version of this Letter.)

while the testing samples contain 74,100 signal and 21,100 back-
ground events. Fig. 1 shows the signal and background BDT dis-
tributions of the training and test samples. The training and test
samples are in excellent agreement. We select B0

s → J/ψπ+π−

candidates with BDT > 0 to maximize signal significance for fur-
ther analysis.

The J/ψπ+π− mass distribution is shown in Fig. 2 for the fodd
region. In the B0

s signal region, defined as ±20 MeV around the
B0

s mass peak, there are 7421 ± 105 signal events, 1717 ± 38 com-
binatorial background events, and 66 ± 9 η′ background events,
corresponding to an 81% signal purity. The π+π− mass distribu-
tion is shown in Fig. 3. The most prominent feature is the f0(980),
containing 52% of the events within ±90 MeV of 980 MeV, called
the f0 region. The rest of the fodd region is denoted as f̃0.

3. Resonance structure in the J/ψπ+π− final state

The resonance structure in B0
s → J/ψπ+π− decays has been

studied using a modified Dalitz plot analysis including the de-
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time dependent decay rate!
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proper time resolution: prompt candidates

life time acceptance: B+→J/ψK+ and simulation
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Figure 4: Invariant mass distributions of the µ

+
µ

� (left) and K

+
K

� (right) systems in
the selected sample of B0

s ! J/ K

+
K

� candidates (full m(J/ K+
K

�) range). The solid
blue line represents a fit to the data points. For the di-muon system, the total fit model
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Measurement of the mixing-induced CP-violating phase φs in B0
s decays is of prime importance in

probing new physics. Here 7421 ± 105 signal events from the dominantly CP-odd final state J/ψπ+π−

are selected in 1 fb−1 of pp collision data collected at
√

s = 7 TeV with the LHCb detector. A time-
dependent fit to the data yields a value of φs = −0.019+0.173+0.004

−0.174−0.003 rad, consistent with the Standard
Model expectation. No evidence of direct CP violation is found.

 2012 Elsevier B.V. All rights reserved.

1. Introduction

Current knowledge of the Cabibbo–Kobayashi–Maskawa (CKM)
matrix leads to the Standard Model (SM) expectation that the
mixing-induced CP violation phase in B0

s decays proceeding via the
b → ccs transition is small and accurately predicted [1]. Therefore,
new physics can be decisively revealed by its measurement. This
phase denoted by φs is given in the SM by −2 arg[Vts V ∗

tb/V cs V ∗
cb],

where the V ij are elements of the CKM matrix. Motivated by a
prediction in Ref. [2], the LHCb Collaboration made the first ob-
servation of B0

s → J/ψ f0(980), f0(980) → π+π− [3], which was
subsequently confirmed by others [4,5]. This mode is a CP-odd
eigenstate and its use obviates the need to perform an angular
analysis in order to determine φs [6], as is required in the J/ψφ
final state [7,8]. In this Letter we measure φs using the final state
J/ψπ+π− over a large range of π+π− masses, 775–1550 MeV,1

which has been shown to be an almost pure CP-odd eigenstate
[9]. We designate events in this region as fodd. This phase is the
same as that measured in J/ψφ decays, ignoring contributions
from suppressed processes [10].

The decay time evolutions for initial B0
s and B0

s decaying into a
CP-odd eigenstate, f− , assuming only one CKM phase, are [11]

Γ
((-)

B0
s → f−

)

= N e−Γst
{

e%Γst/2

2
(1 + cosφs)

+ e−%Γst/2

2
(1 − cosφs) ± sinφs sin(%mst)

}
, (1)

where %Γs = ΓL − ΓH is the decay width difference between light
and heavy mass eigenstates, Γs = (ΓL + ΓH)/2 is the average de-
cay width, %ms = mH − mL is the mass difference, and N is a

! © CERN for the benefit of the LHCb Collaboration.
1 We work in units where c = h̄ = 1.

time-independent normalization factor. The plus sign in front of
the sin φs term applies to an initial B0

s and the minus sign to an
initial B0

s meson. The time evolution of the untagged rate is then

Γ
(

B0
s → f−

)
+ Γ (B0

s → f−)

= N e−Γst{e%Γst/2(1 + cosφs) + e−%Γst/2(1 − cosφs)
}
. (2)

Note that there is information in the shape of the lifetime dis-
tribution that correlates %Γs and φs . In this analysis we will use
samples of both flavor tagged and untagged decays. Both Eqs. (1)
and (2) are invariant under the change φs → π − φs when %Γs →
−%Γs , which gives an inherent ambiguity. Recently this ambiguity
has been resolved [12], so only the allowed solution with %Γs > 0
will be considered.

2. Data sample and selection requirements

The data sample consists of 1 fb−1 of integrated luminosity
collected with the LHCb detector [13] at 7 TeV centre-of-mass
energy in pp collisions at the LHC. The detector is a single-arm
forward spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks. Com-
ponents include a high-precision tracking system consisting of a
silicon-strip vertex detector surrounding the pp interaction region,
a large-area silicon-strip detector located upstream of a dipole
magnet with a bending power of about 4 Tm, and three stations
of silicon-strip detectors and straw drift-tubes placed downstream.
The combined tracking system has a momentum resolution δp/p
that varies from 0.4% at 5 GeV to 0.6% at 100 GeV, and an im-
pact parameter (IP) resolution of 20 µm for tracks with high
transverse momentum (pT). Charged hadrons are identified using
two ring-imaging Cherenkov (RICH) detectors. Photon, electron and
hadron candidates are identified by a calorimeter system consisting
of scintillating-pad and pre-shower detectors, an electromagnetic
calorimeter and a hadronic calorimeter. Muons are identified by a
muon system composed of alternating layers of iron and multiwire

0370-2693/  2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2012.06.032

is defined by !s ! " arg ð"Þ, and hence S and D can be
written as

S ! " 2j"j sin!s

1þ j"j2 ; D ! " 2j"j cos!s

1þ j"j2 : (4)

The parameter " describes CP violation in the interference
between mixing and decay and is derived from the
CP-violating parameter [20] associated with each polar-
ization state i,

"i !
q

p

!Ai

Ai
; (5)

where Ai ( !Ai) is the amplitude for a B0
s ( !B

0
s) meson to decay

to final state i and the complex parameters p ¼ hB0
s jBLi

and q ¼ h !B0
s jBLi describe the relation between mass and

flavor eigenstates. The polarization states i have the CP

eigenvalue #i ¼ þ1 for i 2 f0; kg, and #i ¼ "1 for i 2
f?;Sg. Assuming that any possible CP violation in the
decay is the same for all amplitudes, then the product
#i

!Ai=Ai is independent of i. The polarization-independent
CP-violating parameter " is then defined such that "i ¼
#i". The differential decay rate for a !B0

s meson produced at
time t ¼ 0 can be obtained by changing the sign of ck and
dk and by including a relative factor jp=qj2.
The expressions are invariant under the transformation

ð!s;"#s;$0;$k;$?;$SÞ
! ð%"!s;""#s;"$0;"$k;%" $?;"$SÞ; (6)

which gives rise to a two-fold ambiguity in the results.

TABLE II. Definition of angular and time-dependent functions.

k fkð&'; &K; ’hÞ Nk ak bk ck dk

1 2cos 2&Ksin
2&' jA0j2 1 D C "S

2 sin 2&Kð1" sin 2&'cos
2’hÞ jAkj2 1 D C "S

3 sin 2&Kð1" sin 2&'sin
2’hÞ jA?j2 1 "D C S

4 sin 2&Ksin
2&'sin 2’h jAkA?j C sin ð$? " $kÞ S cos ð$? " $kÞ sin ð$? " $kÞ D cos ð$? " $kÞ

5 1
2

ffiffiffi
2

p
sin 2&K sin 2&'cos’h jA0Akj cos ð$k " $0Þ D cos ð$k " $0Þ C cos ð$k " $0Þ "S cos ð$k " $0Þ

6 " 1
2

ffiffiffi
2

p
sin 2&K sin 2&'sin’h jA0A?j C sin ð$? " $0Þ S cos ð$? " $0Þ sin ð$? " $0Þ D cos ð$? " $0Þ

7 2
3 sin

2&' jASj2 1 "D C S

8 1
3

ffiffiffi
6

p
sin&K sin 2&'cos’h jASAkj C cos ð$k " $SÞ S sin ð$k " $SÞ cos ð$k " $SÞ D sin ð$k " $SÞ

9 " 1
3

ffiffiffi
6

p
sin &K sin 2&'sin’h jASA?j sin ð$? " $SÞ "D sin ð$? " $SÞ C sin ð$? " $SÞ S sin ð$? " $SÞ

10 4
3

ffiffiffi
3

p
cos&Ksin

2&' jASA0j C cos ð$0 " $SÞ S sin ð$0 " $SÞ cos ð$0 " $SÞ D sin ð$0 " $SÞ

FIG. 2. Feynman diagrams contributing to the decay B0
s ! J=chþh" within the SM, where h ¼ %, K. (a) Tree; (b) Penguin.

FIG. 3. Definition of helicity angles as discussed in the text.
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by the subleading penguin contributions are discussed,
e.g., in Ref. [15]. The same final state can also be produced
with KþK" pairs in an S-wave configuration [16]. This
S-wave final state is CP-odd. The measurement of !s

requires the CP-even and CP-odd components to be dis-
entangled by analyzing the distribution of the recon-
structed decay angles of the final-state particles.

In contrast to Ref. [5], this analysis uses the decay angles
defined in the helicity basis, as this simplifies the angular
description of the background and acceptance. The helicity
angles are denoted by ! ¼ ðcos "K; cos "#; ’hÞ, and their

definition is shown in Fig. 3. The polar angle "K ("#) is the
angle between the Kþ (#þ) momentum and the direction
opposite to the B0

s momentum in the KþK" (#þ#")
center-of-mass system. The azimuthal angle between the
KþK" and #þ#" decay planes is ’h. This angle is
defined by a rotation from the K" side of the KþK" plane
to the #þ side of the #þ#" plane. The rotation is positive
in the #þ#" direction in the B0

s rest frame. A definition of
the angles in terms of the particle momenta is given in the
Appendix.

The decay can be decomposed into four time-dependent
complex amplitudes, AiðtÞ. Three of these arise in the
P-wave decay and correspond to the relative orientation
of the linear polarization vectors of the J=c and!mesons,
where i 2 f0; k;?g and refers to the longitudinal,
transverse-parallel, and transverse-perpendicular orienta-
tions, respectively. The single KþK" S-wave amplitude is
denoted by ASðtÞ.

The distribution of the decay time and angles for a B0
s

meson produced at time t ¼ 0 is described by a sum of ten
terms, corresponding to the four polarization amplitudes

and their interference terms. Each of these is given by
the product of a time-dependent function and an angular
function [13]:

d4"ðB0
s ! J=cKþK"Þ

dtd!
/

X10

k¼1

hkðtÞfkð!Þ: (1)

The time-dependent functions hkðtÞ can be written as

hkðtÞ ¼ Nke
""st

!
ak cosh

"
1

2
#"st

#
þ bk sinh

"
1

2
#"st

#

þ ck cos ð#mstÞ þ dk sin ð#mstÞ
$
; (2)

where #ms is the mass difference between the heavy and
light B0

s mass eigenstates. The expressions for the fkð!Þ
and the coefficients of Eq. 2 are given in Table II [17,18].
The coefficients Nk are expressed in terms of the AiðtÞ
at t ¼ 0, from now on denoted as Ai. The amplitudes
are parametrized by jAijei$i with the conventions $0 ¼ 0
and jA0j2 þ jAkj2 þ jA?j2 ¼ 1. The S-wave fraction is
defined as FS ¼ jASj2=ðjA0j2 þ jAkj2 þ jA?j2 þ jASj2Þ ¼
jASj2=ðjASj2 þ 1Þ.
For the coefficients ak; . . . ; dk, three CP-violating

observables are introduced;

C & 1" j%j2
1þ j%j2 ; S & 2=ð%Þ

1þ j%j2 ; D & " 2<ð%Þ
1þ j%j2 ;

(3)

where the parameter % is defined below. These definitions
for S and C correspond to those adopted by HFAG [19],
and the sign of D is chosen such that it is equivalent to the
symbol A#"

f used in Ref. [19]. The CP-violating phase !s

FIG. 1. Feynman diagrams for B0
s - $B

0
s mixing, within the SM.

TABLE I. Results for !s and #"s from different experiments. The first uncertainty is statistical, and the second is systematic (apart
from the D0 result, for which the uncertainties are combined). The CDF confidence level (C.L.) range quoted is that consistent with
other experimental measurements of !s.

Experiment Data set [fb"1] References !s [rad] #"s [ps
"1]

LHCb (B0
s ! J=c!) 0.4 [5] 0:15' 0:18' 0:06 0:123' 0:029' 0:011

LHCb (B0
s ! J=c&þ&") 1.0 [6] "0:019þ0:173þ0:004

"0:174"0:003 ( ( (
LHCb (combined) 0:4þ 1:0 [6] 0:06' 0:12' 0:06 ( ( (
ATLAS 4.9 [7] 0:22' 0:41' 0:10 0:053' 0:021' 0:010
CMS 5.0 [8] ( ( ( 0:048' 0:024' 0:003
D0 8.0 [9] "0:55þ0:38

"0:36 0:163þ0:065
"0:064

CDF 9.6 [10] ½"0:60; 0:12* at 68% C.L. 0:068' 0:026' 0:009
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is defined by !s ! " arg ð"Þ, and hence S and D can be
written as

S ! " 2j"j sin!s

1þ j"j2 ; D ! " 2j"j cos!s

1þ j"j2 : (4)

The parameter " describes CP violation in the interference
between mixing and decay and is derived from the
CP-violating parameter [20] associated with each polar-
ization state i,

"i !
q

p

!Ai

Ai
; (5)

where Ai ( !Ai) is the amplitude for a B0
s ( !B

0
s) meson to decay

to final state i and the complex parameters p ¼ hB0
s jBLi

and q ¼ h !B0
s jBLi describe the relation between mass and

flavor eigenstates. The polarization states i have the CP

eigenvalue #i ¼ þ1 for i 2 f0; kg, and #i ¼ "1 for i 2
f?;Sg. Assuming that any possible CP violation in the
decay is the same for all amplitudes, then the product
#i

!Ai=Ai is independent of i. The polarization-independent
CP-violating parameter " is then defined such that "i ¼
#i". The differential decay rate for a !B0

s meson produced at
time t ¼ 0 can be obtained by changing the sign of ck and
dk and by including a relative factor jp=qj2.
The expressions are invariant under the transformation

ð!s;"#s;$0;$k;$?;$SÞ
! ð%"!s;""#s;"$0;"$k;%" $?;"$SÞ; (6)

which gives rise to a two-fold ambiguity in the results.

TABLE II. Definition of angular and time-dependent functions.

k fkð&'; &K; ’hÞ Nk ak bk ck dk

1 2cos 2&Ksin
2&' jA0j2 1 D C "S

2 sin 2&Kð1" sin 2&'cos
2’hÞ jAkj2 1 D C "S

3 sin 2&Kð1" sin 2&'sin
2’hÞ jA?j2 1 "D C S

4 sin 2&Ksin
2&'sin 2’h jAkA?j C sin ð$? " $kÞ S cos ð$? " $kÞ sin ð$? " $kÞ D cos ð$? " $kÞ

5 1
2

ffiffiffi
2

p
sin 2&K sin 2&'cos’h jA0Akj cos ð$k " $0Þ D cos ð$k " $0Þ C cos ð$k " $0Þ "S cos ð$k " $0Þ
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2

ffiffiffi
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the angles in terms of the particle momenta is given in the
Appendix.

The decay can be decomposed into four time-dependent
complex amplitudes, AiðtÞ. Three of these arise in the
P-wave decay and correspond to the relative orientation
of the linear polarization vectors of the J=c and!mesons,
where i 2 f0; k;?g and refers to the longitudinal,
transverse-parallel, and transverse-perpendicular orienta-
tions, respectively. The single KþK" S-wave amplitude is
denoted by ASðtÞ.

The distribution of the decay time and angles for a B0
s

meson produced at time t ¼ 0 is described by a sum of ten
terms, corresponding to the four polarization amplitudes

and their interference terms. Each of these is given by
the product of a time-dependent function and an angular
function [13]:

d4"ðB0
s ! J=cKþK"Þ

dtd!
/

X10

k¼1

hkðtÞfkð!Þ: (1)

The time-dependent functions hkðtÞ can be written as

hkðtÞ ¼ Nke
""st

!
ak cosh

"
1

2
#"st

#
þ bk sinh

"
1

2
#"st

#

þ ck cos ð#mstÞ þ dk sin ð#mstÞ
$
; (2)

where #ms is the mass difference between the heavy and
light B0

s mass eigenstates. The expressions for the fkð!Þ
and the coefficients of Eq. 2 are given in Table II [17,18].
The coefficients Nk are expressed in terms of the AiðtÞ
at t ¼ 0, from now on denoted as Ai. The amplitudes
are parametrized by jAijei$i with the conventions $0 ¼ 0
and jA0j2 þ jAkj2 þ jA?j2 ¼ 1. The S-wave fraction is
defined as FS ¼ jASj2=ðjA0j2 þ jAkj2 þ jA?j2 þ jASj2Þ ¼
jASj2=ðjASj2 þ 1Þ.
For the coefficients ak; . . . ; dk, three CP-violating

observables are introduced;

C & 1" j%j2
1þ j%j2 ; S & 2=ð%Þ

1þ j%j2 ; D & " 2<ð%Þ
1þ j%j2 ;

(3)

where the parameter % is defined below. These definitions
for S and C correspond to those adopted by HFAG [19],
and the sign of D is chosen such that it is equivalent to the
symbol A#"

f used in Ref. [19]. The CP-violating phase !s

FIG. 1. Feynman diagrams for B0
s - $B

0
s mixing, within the SM.

TABLE I. Results for !s and #"s from different experiments. The first uncertainty is statistical, and the second is systematic (apart
from the D0 result, for which the uncertainties are combined). The CDF confidence level (C.L.) range quoted is that consistent with
other experimental measurements of !s.

Experiment Data set [fb"1] References !s [rad] #"s [ps
"1]

LHCb (B0
s ! J=c!) 0.4 [5] 0:15' 0:18' 0:06 0:123' 0:029' 0:011

LHCb (B0
s ! J=c&þ&") 1.0 [6] "0:019þ0:173þ0:004

"0:174"0:003 ( ( (
LHCb (combined) 0:4þ 1:0 [6] 0:06' 0:12' 0:06 ( ( (
ATLAS 4.9 [7] 0:22' 0:41' 0:10 0:053' 0:021' 0:010
CMS 5.0 [8] ( ( ( 0:048' 0:024' 0:003
D0 8.0 [9] "0:55þ0:38

"0:36 0:163þ0:065
"0:064

CDF 9.6 [10] ½"0:60; 0:12* at 68% C.L. 0:068' 0:026' 0:009
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is defined by !s ! " arg ð"Þ, and hence S and D can be
written as

S ! " 2j"j sin!s

1þ j"j2 ; D ! " 2j"j cos!s

1þ j"j2 : (4)

The parameter " describes CP violation in the interference
between mixing and decay and is derived from the
CP-violating parameter [20] associated with each polar-
ization state i,

"i !
q

p

!Ai

Ai
; (5)

where Ai ( !Ai) is the amplitude for a B0
s ( !B

0
s) meson to decay

to final state i and the complex parameters p ¼ hB0
s jBLi

and q ¼ h !B0
s jBLi describe the relation between mass and

flavor eigenstates. The polarization states i have the CP

eigenvalue #i ¼ þ1 for i 2 f0; kg, and #i ¼ "1 for i 2
f?;Sg. Assuming that any possible CP violation in the
decay is the same for all amplitudes, then the product
#i

!Ai=Ai is independent of i. The polarization-independent
CP-violating parameter " is then defined such that "i ¼
#i". The differential decay rate for a !B0

s meson produced at
time t ¼ 0 can be obtained by changing the sign of ck and
dk and by including a relative factor jp=qj2.
The expressions are invariant under the transformation

ð!s;"#s;$0;$k;$?;$SÞ
! ð%"!s;""#s;"$0;"$k;%" $?;"$SÞ; (6)

which gives rise to a two-fold ambiguity in the results.

TABLE II. Definition of angular and time-dependent functions.

k fkð&'; &K; ’hÞ Nk ak bk ck dk

1 2cos 2&Ksin
2&' jA0j2 1 D C "S

2 sin 2&Kð1" sin 2&'cos
2’hÞ jAkj2 1 D C "S

3 sin 2&Kð1" sin 2&'sin
2’hÞ jA?j2 1 "D C S

4 sin 2&Ksin
2&'sin 2’h jAkA?j C sin ð$? " $kÞ S cos ð$? " $kÞ sin ð$? " $kÞ D cos ð$? " $kÞ

5 1
2

ffiffiffi
2

p
sin 2&K sin 2&'cos’h jA0Akj cos ð$k " $0Þ D cos ð$k " $0Þ C cos ð$k " $0Þ "S cos ð$k " $0Þ

6 " 1
2

ffiffiffi
2

p
sin 2&K sin 2&'sin’h jA0A?j C sin ð$? " $0Þ S cos ð$? " $0Þ sin ð$? " $0Þ D cos ð$? " $0Þ

7 2
3 sin

2&' jASj2 1 "D C S

8 1
3

ffiffiffi
6

p
sin&K sin 2&'cos’h jASAkj C cos ð$k " $SÞ S sin ð$k " $SÞ cos ð$k " $SÞ D sin ð$k " $SÞ

9 " 1
3

ffiffiffi
6

p
sin &K sin 2&'sin’h jASA?j sin ð$? " $SÞ "D sin ð$? " $SÞ C sin ð$? " $SÞ S sin ð$? " $SÞ

10 4
3

ffiffiffi
3

p
cos&Ksin

2&' jASA0j C cos ð$0 " $SÞ S sin ð$0 " $SÞ cos ð$0 " $SÞ D sin ð$0 " $SÞ

FIG. 2. Feynman diagrams contributing to the decay B0
s ! J=chþh" within the SM, where h ¼ %, K. (a) Tree; (b) Penguin.

FIG. 3. Definition of helicity angles as discussed in the text.

MEASUREMENT OF CP VIOLATION AND THE B0
s . . . PHYSICAL REVIEW D 87, 112010 (2013)

112010-3

is defined by !s ! " arg ð"Þ, and hence S and D can be
written as

S ! " 2j"j sin!s

1þ j"j2 ; D ! " 2j"j cos!s

1þ j"j2 : (4)

The parameter " describes CP violation in the interference
between mixing and decay and is derived from the
CP-violating parameter [20] associated with each polar-
ization state i,

"i !
q

p

!Ai

Ai
; (5)

where Ai ( !Ai) is the amplitude for a B0
s ( !B

0
s) meson to decay

to final state i and the complex parameters p ¼ hB0
s jBLi

and q ¼ h !B0
s jBLi describe the relation between mass and

flavor eigenstates. The polarization states i have the CP

eigenvalue #i ¼ þ1 for i 2 f0; kg, and #i ¼ "1 for i 2
f?;Sg. Assuming that any possible CP violation in the
decay is the same for all amplitudes, then the product
#i

!Ai=Ai is independent of i. The polarization-independent
CP-violating parameter " is then defined such that "i ¼
#i". The differential decay rate for a !B0

s meson produced at
time t ¼ 0 can be obtained by changing the sign of ck and
dk and by including a relative factor jp=qj2.
The expressions are invariant under the transformation

ð!s;"#s;$0;$k;$?;$SÞ
! ð%"!s;""#s;"$0;"$k;%" $?;"$SÞ; (6)

which gives rise to a two-fold ambiguity in the results.

TABLE II. Definition of angular and time-dependent functions.

k fkð&'; &K; ’hÞ Nk ak bk ck dk

1 2cos 2&Ksin
2&' jA0j2 1 D C "S

2 sin 2&Kð1" sin 2&'cos
2’hÞ jAkj2 1 D C "S

3 sin 2&Kð1" sin 2&'sin
2’hÞ jA?j2 1 "D C S

4 sin 2&Ksin
2&'sin 2’h jAkA?j C sin ð$? " $kÞ S cos ð$? " $kÞ sin ð$? " $kÞ D cos ð$? " $kÞ

5 1
2

ffiffiffi
2

p
sin 2&K sin 2&'cos’h jA0Akj cos ð$k " $0Þ D cos ð$k " $0Þ C cos ð$k " $0Þ "S cos ð$k " $0Þ

6 " 1
2

ffiffiffi
2

p
sin 2&K sin 2&'sin’h jA0A?j C sin ð$? " $0Þ S cos ð$? " $0Þ sin ð$? " $0Þ D cos ð$? " $0Þ

7 2
3 sin

2&' jASj2 1 "D C S

8 1
3

ffiffiffi
6

p
sin&K sin 2&'cos’h jASAkj C cos ð$k " $SÞ S sin ð$k " $SÞ cos ð$k " $SÞ D sin ð$k " $SÞ

9 " 1
3

ffiffiffi
6

p
sin &K sin 2&'sin’h jASA?j sin ð$? " $SÞ "D sin ð$? " $SÞ C sin ð$? " $SÞ S sin ð$? " $SÞ

10 4
3

ffiffiffi
3

p
cos&Ksin

2&' jASA0j C cos ð$0 " $SÞ S sin ð$0 " $SÞ cos ð$0 " $SÞ D sin ð$0 " $SÞ

FIG. 2. Feynman diagrams contributing to the decay B0
s ! J=chþh" within the SM, where h ¼ %, K. (a) Tree; (b) Penguin.

FIG. 3. Definition of helicity angles as discussed in the text.

MEASUREMENT OF CP VIOLATION AND THE B0
s . . . PHYSICAL REVIEW D 87, 112010 (2013)

112010-3



𝜙s: Bs→J/ψKK 

34

28

two most interesting modes:

ϕ ϕ

]2) [MeV/c-µ+µm(
3050 3100 3150

)2
C

an
di

da
te

s /
 (2

 M
eV

/c

0

500

1000

1500

2000

2500

3000

LHCb

]2) [MeV/c-K+m(K
1000 1020 1040

)2
C

an
di

da
te

s /
 (1

 M
eV

/c

0
500

1000
1500
2000
2500
3000
3500
4000
4500

LHCb

Figure 4: Invariant mass distributions of the µ

+
µ

� (left) and K

+
K

� (right) systems in
the selected sample of B0

s ! J/ K

+
K

� candidates (full m(J/ K+
K

�) range). The solid
blue line represents a fit to the data points. For the di-muon system, the total fit model
is the sum of a Crystal-Ball shape and a linear background. For the di-kaon system the
total fit model is the sum of a relativistic Breit-Wigner convolved with a Gaussian to
model the dominant �-meson peak, and a phase space function to describe the K

+
K

�

S-wave and combinatorial background.
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Figure 5: Invariant mass distribution of the triggered and selected B

0
s ! J/ K

+
K

�

candidates. The mass of the µ+
µ

� pair constrained to the nominal J/ mass [26]. Curves
for the fitted contributions from signal (dotted red), background (dotted green) and their
combination (solid blue) are overlaid.

with an estimated decay time error, �t, larger than 0.12 ps are removed from the event144
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Figure 4 shows the invariant mass of the µ
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� (left) and K
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� (right) pairs which146

remain after the full selection and trigger is applied, using the full B0
s invariant mass147

range. Figure 5 shows the m(J/ K+
K

�) distribution for events originating from both the148

unbiased and biased triggers, along with corresponding projections of unbinned maximum149
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blue solid curve shows the result of a fit with a double Gaussian signal (red solid curve) and
several background components: combinatorial background (brown dotted line), back-
ground from B� ! J/ K� and J/ ⇡� (green short-dashed line), B0 ! J/ ⇡+⇡� (purple
dot-dashed), B0
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and B0 ! J/ K�⇡+ (light-blue long-dashed).
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signal region. The (dashed red) line shows the background
determined by fitting the J/ ⇡+⇡� mass in bins of ⇡+⇡� mass. The arrows designate the
limits of the fodd region.
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Therefore, the systematic uncertainties from these sources
are included in the statistical uncertainty on the physics
parameters. The remaining systematic effects are discussed
below and summarized in Tables IX, X, and XI.

The parameters of the mðJ=cKþK#Þ fit model are
varied within their uncertainties, and a new set of event
weights are calculated. Repeating the full decay time and

angular fit using the new weights gives negligible differ-
ences with respect to the results of the nominal fit. The
assumption that mðJ=cKþK#Þ is independent of the
decay-time and angle variables is tested by reevaluating
the weights in bins of the decay time and angles. Repeating
the full fit with the modified weights gives new estimates
of the physics parameter values in each bin. The total
systematic uncertainty is computed from the square root
of the sum of the individual variances, weighted by the
number of signal events in each bin in cases where a
significant difference is observed.
Using simulated events, the only identified peaking

background is from B0 ! J=cK%ð892Þ0 events where the
pion from the K%ð892Þ0 decay is misidentified as a kaon.
The fraction of this contribution was estimated from the
simulation to be at most 1.5% for mðJ=cKþK#Þ in the
range ½5200; 5550' MeV=c2. The effect of this background
(which is not included in the PDF modelling) was esti-
mated by embedding the simulated B0 ! J=cK%ð892Þ0
events in the signal sample and repeating the fit. The
resulting variations are taken as systematic uncertainties.
The contribution of B0

s mesons coming from the decay of
Bþ
c mesons is estimated to be negligible.
Since the angular acceptance function, "!, is deter-

mined from simulated events, it is important that the
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simulation gives a good description of the dependence
of final-state particle efficiencies on their kinematic
properties. Figure 16 shows significant discrepancies be-
tween simulated B0

s ! J=c! events and selected B0
s !

J=cKþK" data events where the background has been
subtracted. To account for this difference, the simulated
events are reweighted such that the kaon momentum dis-
tribution matches the data (reweighting the muon momen-
tum has a negligible effect). A systematic uncertainty is
estimated by determining "! after this reweighting and
repeating the fit. The changes observed in physics parame-
ters are taken as systematic uncertainties. A systematic
uncertainty is included, which arises from the limited
size of the simulated data sample used to determine "!.

The lower decay-time acceptance is included in the
PDF using the binned functions described in Sec. VI. A

systematic uncertainty is determined by repeating the fits
with the bin values varied randomly within their statistical
precision. The standard deviation of the distribution of
central values obtained for each fit parameter is then as-
signed as the systematic uncertainty. The slope of the
acceptance correction at large lifetimes is " ¼ ð"8:3%
4:0Þ ' 10"3 ps"1. This leads to a 4:0' 10"3 ps"1 system-
atic uncertainty on "s.
The uncertainty on the LHCb length scale is estimated to

be at most 0.020%, which translates directly in an uncer-
tainty on "s and #"s of 0.020% with other parameters
being unaffected. The momentum scale uncertainty is at
most 0.022%. As it affects both the reconstructed momen-
tum and mass of the B0

s meson, it cancels to a large extent,
and the resulting effect on "s and #"s is negligible.
The CSP factors (Table IV) used in the nominal fit

assume a nonresonant shape for the S-wave contribution.
As a cross-check, the factors are reevaluated assuming
a Flatté shape [45], and the fit is repeated. There is a
negligible effect on all physics parameters except #S "
#?. A small shift (approximately 10% of the statistical

TABLE VIII. Results of the maximum-likelihood fit for the S-wave parameters, with asym-
metric statistical and symmetric systematic uncertainties. The evaluation of the systematic
uncertainties is described in Sec. X.

mðKþK"Þ bin [MeV=c2] Parameter Value $stat (asymmetric) $syst

990–1008 FS 0.227 þ0:081;"0:073 0.020
#S " #? [rad] 1.31 þ0:78;"0:49 0.09

1008–1016 FS 0.067 þ0:030;"0:027 0.009
#S " #? [rad] 0.77 þ0:38;"0:23 0.08

1016–1020 FS 0.008 þ0:014;"0:007 0.005
#S " #? [rad] 0.51 þ1:40;"0:30 0.20

1020–1024 FS 0.016 þ0:012;"0:009 0.006
#S " #? [rad] "0:51 þ0:21;"0:35 0.15

1024–1032 FS 0.055 þ0:027;"0:025 0.008
#S " #? [rad] "0:46 þ0:18;"0:26 0.05

1032–1050 FS 0.167 þ0:043;"0:042 0.021
#S " #? [rad] "0:65 þ0:18;"0:22 0.06
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FIG. 14 (color online). Variation of #S " #? with mðKþK"Þ,
where the uncertainties are the quadrature sum of the statistical
and systematic uncertainties in each bin. The decreasing phase
trend (blue circles) corresponds to the physical solution with !s

close to zero and #"s > 0. The ambiguous solution is also
shown.
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simulation gives a good description of the dependence
of final-state particle efficiencies on their kinematic
properties. Figure 16 shows significant discrepancies be-
tween simulated B0

s ! J=c! events and selected B0
s !

J=cKþK" data events where the background has been
subtracted. To account for this difference, the simulated
events are reweighted such that the kaon momentum dis-
tribution matches the data (reweighting the muon momen-
tum has a negligible effect). A systematic uncertainty is
estimated by determining "! after this reweighting and
repeating the fit. The changes observed in physics parame-
ters are taken as systematic uncertainties. A systematic
uncertainty is included, which arises from the limited
size of the simulated data sample used to determine "!.

The lower decay-time acceptance is included in the
PDF using the binned functions described in Sec. VI. A

systematic uncertainty is determined by repeating the fits
with the bin values varied randomly within their statistical
precision. The standard deviation of the distribution of
central values obtained for each fit parameter is then as-
signed as the systematic uncertainty. The slope of the
acceptance correction at large lifetimes is " ¼ ð"8:3%
4:0Þ ' 10"3 ps"1. This leads to a 4:0' 10"3 ps"1 system-
atic uncertainty on "s.
The uncertainty on the LHCb length scale is estimated to

be at most 0.020%, which translates directly in an uncer-
tainty on "s and #"s of 0.020% with other parameters
being unaffected. The momentum scale uncertainty is at
most 0.022%. As it affects both the reconstructed momen-
tum and mass of the B0

s meson, it cancels to a large extent,
and the resulting effect on "s and #"s is negligible.
The CSP factors (Table IV) used in the nominal fit

assume a nonresonant shape for the S-wave contribution.
As a cross-check, the factors are reevaluated assuming
a Flatté shape [45], and the fit is repeated. There is a
negligible effect on all physics parameters except #S "
#?. A small shift (approximately 10% of the statistical

TABLE VIII. Results of the maximum-likelihood fit for the S-wave parameters, with asym-
metric statistical and symmetric systematic uncertainties. The evaluation of the systematic
uncertainties is described in Sec. X.

mðKþK"Þ bin [MeV=c2] Parameter Value $stat (asymmetric) $syst

990–1008 FS 0.227 þ0:081;"0:073 0.020
#S " #? [rad] 1.31 þ0:78;"0:49 0.09

1008–1016 FS 0.067 þ0:030;"0:027 0.009
#S " #? [rad] 0.77 þ0:38;"0:23 0.08

1016–1020 FS 0.008 þ0:014;"0:007 0.005
#S " #? [rad] 0.51 þ1:40;"0:30 0.20

1020–1024 FS 0.016 þ0:012;"0:009 0.006
#S " #? [rad] "0:51 þ0:21;"0:35 0.15

1024–1032 FS 0.055 þ0:027;"0:025 0.008
#S " #? [rad] "0:46 þ0:18;"0:26 0.05

1032–1050 FS 0.167 þ0:043;"0:042 0.021
#S " #? [rad] "0:65 þ0:18;"0:22 0.06
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FIG. 14 (color online). Variation of #S " #? with mðKþK"Þ,
where the uncertainties are the quadrature sum of the statistical
and systematic uncertainties in each bin. The decreasing phase
trend (blue circles) corresponds to the physical solution with !s

close to zero and #"s > 0. The ambiguous solution is also
shown.
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Therefore, the systematic uncertainties from these sources
are included in the statistical uncertainty on the physics
parameters. The remaining systematic effects are discussed
below and summarized in Tables IX, X, and XI.

The parameters of the mðJ=cKþK#Þ fit model are
varied within their uncertainties, and a new set of event
weights are calculated. Repeating the full decay time and

angular fit using the new weights gives negligible differ-
ences with respect to the results of the nominal fit. The
assumption that mðJ=cKþK#Þ is independent of the
decay-time and angle variables is tested by reevaluating
the weights in bins of the decay time and angles. Repeating
the full fit with the modified weights gives new estimates
of the physics parameter values in each bin. The total
systematic uncertainty is computed from the square root
of the sum of the individual variances, weighted by the
number of signal events in each bin in cases where a
significant difference is observed.
Using simulated events, the only identified peaking

background is from B0 ! J=cK%ð892Þ0 events where the
pion from the K%ð892Þ0 decay is misidentified as a kaon.
The fraction of this contribution was estimated from the
simulation to be at most 1.5% for mðJ=cKþK#Þ in the
range ½5200; 5550' MeV=c2. The effect of this background
(which is not included in the PDF modelling) was esti-
mated by embedding the simulated B0 ! J=cK%ð892Þ0
events in the signal sample and repeating the fit. The
resulting variations are taken as systematic uncertainties.
The contribution of B0

s mesons coming from the decay of
Bþ
c mesons is estimated to be negligible.
Since the angular acceptance function, "!, is deter-

mined from simulated events, it is important that the
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simulation gives a good description of the dependence
of final-state particle efficiencies on their kinematic
properties. Figure 16 shows significant discrepancies be-
tween simulated B0

s ! J=c! events and selected B0
s !

J=cKþK" data events where the background has been
subtracted. To account for this difference, the simulated
events are reweighted such that the kaon momentum dis-
tribution matches the data (reweighting the muon momen-
tum has a negligible effect). A systematic uncertainty is
estimated by determining "! after this reweighting and
repeating the fit. The changes observed in physics parame-
ters are taken as systematic uncertainties. A systematic
uncertainty is included, which arises from the limited
size of the simulated data sample used to determine "!.

The lower decay-time acceptance is included in the
PDF using the binned functions described in Sec. VI. A

systematic uncertainty is determined by repeating the fits
with the bin values varied randomly within their statistical
precision. The standard deviation of the distribution of
central values obtained for each fit parameter is then as-
signed as the systematic uncertainty. The slope of the
acceptance correction at large lifetimes is " ¼ ð"8:3%
4:0Þ ' 10"3 ps"1. This leads to a 4:0' 10"3 ps"1 system-
atic uncertainty on "s.
The uncertainty on the LHCb length scale is estimated to

be at most 0.020%, which translates directly in an uncer-
tainty on "s and #"s of 0.020% with other parameters
being unaffected. The momentum scale uncertainty is at
most 0.022%. As it affects both the reconstructed momen-
tum and mass of the B0

s meson, it cancels to a large extent,
and the resulting effect on "s and #"s is negligible.
The CSP factors (Table IV) used in the nominal fit

assume a nonresonant shape for the S-wave contribution.
As a cross-check, the factors are reevaluated assuming
a Flatté shape [45], and the fit is repeated. There is a
negligible effect on all physics parameters except #S "
#?. A small shift (approximately 10% of the statistical

TABLE VIII. Results of the maximum-likelihood fit for the S-wave parameters, with asym-
metric statistical and symmetric systematic uncertainties. The evaluation of the systematic
uncertainties is described in Sec. X.

mðKþK"Þ bin [MeV=c2] Parameter Value $stat (asymmetric) $syst

990–1008 FS 0.227 þ0:081;"0:073 0.020
#S " #? [rad] 1.31 þ0:78;"0:49 0.09

1008–1016 FS 0.067 þ0:030;"0:027 0.009
#S " #? [rad] 0.77 þ0:38;"0:23 0.08

1016–1020 FS 0.008 þ0:014;"0:007 0.005
#S " #? [rad] 0.51 þ1:40;"0:30 0.20

1020–1024 FS 0.016 þ0:012;"0:009 0.006
#S " #? [rad] "0:51 þ0:21;"0:35 0.15

1024–1032 FS 0.055 þ0:027;"0:025 0.008
#S " #? [rad] "0:46 þ0:18;"0:26 0.05

1032–1050 FS 0.167 þ0:043;"0:042 0.021
#S " #? [rad] "0:65 þ0:18;"0:22 0.06
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FIG. 14 (color online). Variation of #S " #? with mðKþK"Þ,
where the uncertainties are the quadrature sum of the statistical
and systematic uncertainties in each bin. The decreasing phase
trend (blue circles) corresponds to the physical solution with !s

close to zero and #"s > 0. The ambiguous solution is also
shown.
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Figure 5. The data points correspond to the K+K� mass distribution of a generated sample of
B0

s ! J/ K+K� events including 10% f0 contribution in the mass region. The dotted red curve
indicates the f0 contribution.

be measured. A combined fit to the time-dependent angular distributions of all the bins is
performed to extract these free parameters. The fitted values of the strong phase di↵erence
�S � �0 versus the K+K� mass are plotted in figure 6. The two branches correspond to
opposite values of cos 2�s. Just as expected, the branch corresponding to the true solution
decreases rapidly around the nominal �(1020) mass. Choosing this branch leads to the
unique solution

sin 2�s = 0.043± 0.05, cos 2�s = 1.05± 0.08 , (4.2)

which gives the ambiguity-free result

� 2�s = �0.043± 0.05 . (4.3)

In this example, the measured �2�s is separated from ⇡ � (�2�s) by 13�, therefore the
discrete ambiguity in 2�s is completely resolved. Although the actual measurement pre-

– 8 –

k fk(✓µ, ✓K , 'h) Nk ak bk ck dk

1 2 cos2 ✓K sin2 ✓µ |A0(0)|2 1 D C �S
2 sin2 ✓K

`
1� sin2 ✓µ cos2 'h

´
|Ak(0)|2 1 D C �S

3 sin2 ✓K

`
1� sin2 ✓µ sin2 'h

´
|A?(0)|2 1 �D C S

4 sin2 ✓K sin2 ✓µ sin 2'h |Ak(0)A?(0)| C sin(�? � �k) S cos(�? � �k) sin(�? � �k) D cos(�? � �k)

5 1
2

p
2 sin 2✓K sin 2✓µ cos 'h |A0(0)Ak(0)| cos(�k � �0) D cos(�k � �0) C cos(�k � �0) �S cos(�k � �0)

6 � 1
2

p
2 sin 2✓K sin 2✓µ sin 'h |A0(0)A?(0)| C sin(�? � �0) S cos(�? � �0) sin(�? � �0) D cos(�? � �0)

7 2
3 sin2 ✓µ |AS(0)|2 1 �D C S

8 1
3

p
6 sin ✓K sin 2✓µ cos 'h |AS(0)Ak(0)| C cos(�k � �S) S sin(�k � �S) cos(�k � �S) D sin(�k � �S)

9 � 1
3

p
6 sin ✓K sin 2✓µ sin 'h |AS(0)A?(0)| sin(�? � �S) �D sin(�? � �S) C sin(�? � �S) S sin(�? � �S)

10 4
3

p
3 cos ✓K sin2 ✓µ |AS(0)A0(0)| C cos(�0 � �S) S sin(�0 � �S) cos(�0 � �S) D sin(�0 � �S)

Table 1: Definition of angular and time-dependent functions.

The di↵erential decay rates for a B

0
s meson produced at time t = 0 are obtained by79

changing the sign of �s, A? and AS, or, equivalently, the sign of ck and dk in the expressions80

above, and multiplying them by an overall |p/q|2 factor. These expressions are invariant81

under the transformation (�s, ��s, �0, �k, �?, �S) 7! (⇡ � �s,���s,��0,��k, ⇡ � �?,��S)82

which gives rise to a two-fold ambiguity in the results.83

The final state of B

0
s ! J/ ⇡

+
⇡

� decays only contains a CP -odd component as84

described in Ref. [6]. Therefore, the di↵erential cross section is given by85

d4�(B0
s ! J/ ⇡

+
⇡

�)

dt

/ h7(t) , (3)

implying that no angular analysis of the decay products is required.86

3 Detector description87

The LHCb detector [19] is a single-arm forward spectrometer covering the pseudorapidity88

range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks. The89

detector includes a high precision tracking system consisting of a silicon-strip vertex de-90

tector surrounding the pp interaction region, a large-area silicon-strip detector located91

upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of92

silicon-strip detectors and straw drift-tubes placed downstream. The combined tracking93

system has a momentum resolution �p/p that varies from 0.4% at 5 GeV/c to 0.6% at94

100 GeV/c, and an impact parameter resolution of 20 µm for tracks with high transverse95

momentum. Charged hadrons are identified using two ring-imaging Cherenkov detectors.96

Photon, electron and hadron candidates are identified by a calorimeter system consist-97

ing of scintillating-pad and pre-shower detectors, an electromagnetic calorimeter and a98

hadronic calorimeter. Muons are identified by a system composed of alternating layers99

of iron and multiwire proportional chambers. The trigger consists of a hardware stage,100

based on information from the calorimeter and muon systems, followed by a software101

stage which applies a full event reconstruction [20].102

4

�� < 0

�� > 0

the fit via Gaussian constraints with widths equal to their
uncertainties.

The expressions are convolved with the decay-time
resolution function, Rðt;!tÞ (Sec. V). The scale factor
parameter, rt, is included in the fit with its value con-
strained by a Gaussian constraint with width equal to its
uncertainty. The "tðtÞ and "!ð!Þ terms are the decay-time
acceptance and decay-angle acceptance, respectively. The
two different trigger samples have different decay-time
acceptance functions. These are described in Sec. VI.

Since this weighted fit uses only a signal PDF, there is no
need to include the distributions of either the estimated
wrong-tag probability, ", or the decay-time resolution for
each event, !t. The physics parameter estimation is then
performed by a simultaneous fit to the weighted data in
each of the mðKþK$Þ bins for each of the two trigger
samples. All parameters are common, except for the
S-wave fraction FS and the phase difference #S $ #?,
which are independent parameters for each range.

IX. RESULTS FOR B0
s ! J=cKþK" DECAYS

The results of the fit for the principal physics parameters
are given in Table VI for the solution with "#s > 0,
showing both the statistical and the total systematic un-
certainties described in Sec. X.

The statistical correlation matrix is shown in Table VII.
The projections of the decay-time and angular distributions

are shown in Fig. 12. It was verified that the observed
uncertainties are compatible with the expected sensitivities
by generating and fitting to a large number of simulated
experiments.
Figure 13 shows the 68%, 90%, and 95% C.L. contours

obtained from the two-dimensional profile likelihood ratio
in the ð"#s;$sÞ plane, corresponding to decreases in the
log-likelihood of 1.15, 2.30, and 3.00, respectively. Only
statistical uncertainties are included. The SM expectation
[41] is shown.
The results for the S-wave parameters are shown in

Table VIII. The likelihood profiles for these parameters are
nonparabolic and are asymmetric. Therefore, the 68% C.L.
intervals obtained from the likelihood profiles, correspond-
ing to a decrease of 0.5 in the log-likelihood, are reported.
The variation of #S $ #? with mðKþK$Þ is shown in
Fig. 14. The decreasing trend confirms that expected for the
physical solution with$s close to zero, as found in Ref. [40].
All results have been checked by splitting the data set

into subsamples to compare different data-taking periods,
magnet polarities, B0

s tags, and trigger categories. In all
cases the results are consistent between the independent
subsamples. The measurements of $s, "#s, and #s are the
most precise to date. Both "#s and $s agree well with the
SM expectation [2,41].
These data also allow an independent measurement of

"ms without constraining it to the value reported in
Ref. [38]. This is possible because there are several terms
in the differential decay rate of Eq. 1, principally h4 and
h6, which contain sinusoidal terms in "mst that are not
multiplied by sin$s. Figure 15 shows the likelihood profile
as a function of"ms from a fit to the data where"ms is not
constrained. The result of the fit gives

"ms ¼ 17:70& 0:10ðstatÞ & 0:01ðsystÞ ps$1;

which is consistent with other measurements [38,42–44].

X. SYSTEMATIC UNCERTAINTIES
FOR B0

s ! J=cKþK" DECAYS

The parameters, "ms; the tagging calibration parame-
ters; and the event-by-event proper time scaling factor, rt,
are all allowed to vary within their uncertainties in the fit.

TABLE VI. Results of the maximum-likelihood fit for the
principal physics parameters. The first uncertainty is statistical,
and the second is systematic. The value of "ms was constrained
to the measurement reported in Ref. [38]. The evaluation of the
systematic uncertainties is described in Sec. X.

Parameter Value

#s [ps
$1] 0:663& 0:005& 0:006

"#s [ps
$1] 0:100& 0:016& 0:003

jA?j2 0:249& 0:009& 0:006
jA0j2 0:521& 0:006& 0:010
#k [rad] 3:30þ0:13

$0:21 & 0:08
#? [rad] 3:07& 0:22& 0:08
$s [rad] 0:07& 0:09& 0:01
j%j 0:94& 0:03& 0:02

TABLE VII. Correlation matrix for the principal physics parameters.

#s [ps
$1] "#s [ps

$1] jA?j2 jA0j2 #k [rad] #? [rad] $s [rad] j%j
#s [ps

$1] 1.00 $0:39 0.37 $0:27 $0:09 $0:03 0.06 0.03
"#s [ps

$1] 1.00 $0:68 0.63 0.03 0.04 $0:04 0.00
jA?j2 1.00 $0:58 $0:28 $0:09 0.08 $0:04
jA0j2 1.00 $0:02 $0:00 $0:05 0.02
#k [rad] 1.00 0.32 $0:03 0.05
#? [rad] 1.00 0.28 0.00
$s [rad] 1.00 0.04
j%j 1.00
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in agreement with Bs→Dsπ! unambigous! ΔΓs>0

Most precise measurem
ent!

In agreement SM!

32

�s = 0.07 ± 0.09 (stat) ± 0.01 (syst) rad

�s = 0.663 ± 0.005 (stat) ± 0.006 (syst) ps�1

��s = 0.100 ± 0.016 (stat) ± 0.003 (syst) ps�1

|�| = 0.94 ± 0.03 (stat) ± 0.02 (syst)

gives521

�s = 0.01 ± 0.07 (stat) ± 0.01 (syst) rad,

�s = 0.661 ± 0.004 (stat) ± 0.006 (syst) ps�1
,

��s = 0.106 ± 0.011 (stat) ± 0.007 (syst) ps�1
.

The measurements of �s, ��s and �s are the most precise to date. All measurements are522

in agreement with SM predictions [2, 10].523

Acknowledgements524

We express our gratitude to our colleagues in the CERN accelerator departments for the525

excellent performance of the LHC. We thank the technical and administrative sta↵ at the526

LHCb institutes. We acknowledge support from CERN and from the national agencies:527

CAPES, CNPq, FAPERJ and FINEP (Brazil); NSFC (China); CNRS/IN2P3 and Re-528

gion Auvergne (France); BMBF, DFG, HGF and MPG (Germany); SFI (Ireland); INFN529

(Italy); FOM and NWO (The Netherlands); SCSR (Poland); ANCS/IFA (Romania);530

MinES, Rosatom, RFBR and NRC “Kurchatov Institute” (Russia); MinECo, XuntaGal531

and GENCAT (Spain); SNSF and SER (Switzerland); NAS Ukraine (Ukraine); STFC532

(United Kingdom); NSF (USA). We also acknowledge the support received from the ERC533

under FP7. The Tier1 computing centres are supported by IN2P3 (France), KIT and534

BMBF (Germany), INFN (Italy), NWO and SURF (The Netherlands), PIC (Spain),535

GridPP (United Kingdom). We are thankful for the computing resources put at our dis-536

posal by Yandex LLC (Russia), as well as to the communities behind the multiple open537

source software packages that we depend on.538

A Definition of helicity decay angles539

In order to define the helicity angles in terms of the momenta of the decay particles first540

denote the momentum of particle a in the centre-of-mass system of S by ~p

S
a . With this541

convention, unit vectors along the helicity axis in the three centre-of-mass systems, and542

the two unit normal vectors of the K

+
K

� and µ

+
µ

� decay planes can be defined as543

ê

KKµµ
z = +

~p

KKµµ
µ+ + ~p

KKµµ
µ�

|~p KKµµ
µ+ + ~p

KKµµ
µ� |

, ê

KK
z = �

~p

KK
µ+ + ~p

KK
µ�

|~p KK
µ+ + ~p

KK
µ� |

, ê

µµ
z = �

~p

µµ
K+ + ~p

µµ
K�

|~p µµ
K+ + ~p

µµ
K� |

,

n̂KK =
~p

KKµµ
K+ ⇥ ~p

KKµµ
K�

|~p KKµµ
K+ ⇥ ~p

KKµµ
K� |

, n̂µµ =
~p

KKµµ
µ+ ⇥ ~p

KKµµ
µ�

|~p KKµµ
µ+ ⇥ ~p

KKµµ
µ� |

.

(11)
The helicity angles are defined in terms of these vectors as544

cos ✓K =
~p

KK
K+

|~p KK
K+ |

· êKK
z , cos ✓µ =

~p

µµ
µ+

|~p µµ
µ+ |

· êµµ
z ,

cos'h = n̂KK · n̂µµ, sin'h = (n̂KK ⇥ n̂µµ) · êKKµµ
z .

(12)
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11 Results for B

0
s

! J/ ⇡

+
⇡

�
470

The B

0
s ! J/ ⇡

+
⇡

� analysis used in this paper is unchanged with respect to Ref. [5]471
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Main syst: angular and life time acceptance

Can extract Δms too!

Can resolve ambiguity studing KK mass 
regions
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Figure 4: Invariant mass distributions of the µ
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� (left) and K
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K

� (right) systems in
the selected sample of B0

s ! J/ K

+
K

� candidates (full m(J/ K+
K

�) range). The solid
blue line represents a fit to the data points. For the di-muon system, the total fit model
is the sum of a Crystal-Ball shape and a linear background. For the di-kaon system the
total fit model is the sum of a relativistic Breit-Wigner convolved with a Gaussian to
model the dominant �-meson peak, and a phase space function to describe the K

+
K

�

S-wave and combinatorial background.

]2) [MeV/c-K+Kψm(J/
5320 5340 5360 5380 5400 5420

)2
C

an
di

da
te

s /
 (2

.5
  M

eV
/c

0
500

1000
1500
2000
2500
3000
3500
4000
4500

LHCb

Figure 5: Invariant mass distribution of the triggered and selected B

0
s ! J/ K

+
K

�

candidates. The mass of the µ+
µ

� pair constrained to the nominal J/ mass [26]. Curves
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combination (solid blue) are overlaid.
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�s = 0.07 ± 0.09 (stat) ± 0.01 (syst) rad

�s = 0.663 ± 0.005 (stat) ± 0.006 (syst) ps�1

��s = 0.100 ± 0.016 (stat) ± 0.003 (syst) ps�1

|�| = 0.94 ± 0.03 (stat) ± 0.02 (syst)

gives521

�s = 0.01 ± 0.07 (stat) ± 0.01 (syst) rad,

�s = 0.661 ± 0.004 (stat) ± 0.006 (syst) ps�1
,

��s = 0.106 ± 0.011 (stat) ± 0.007 (syst) ps�1
.

The measurements of �s, ��s and �s are the most precise to date. All measurements are522

in agreement with SM predictions [2, 10].523
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A Definition of helicity decay angles539

In order to define the helicity angles in terms of the momenta of the decay particles first540

denote the momentum of particle a in the centre-of-mass system of S by ~p

S
a . With this541

convention, unit vectors along the helicity axis in the three centre-of-mass systems, and542

the two unit normal vectors of the K

+
K

� and µ

+
µ

� decay planes can be defined as543
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(11)
The helicity angles are defined in terms of these vectors as544
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KK
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|~p KK
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· êKK
z , cos ✓µ =

~p

µµ
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|~p µµ
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· êµµ
z ,

cos'h = n̂KK · n̂µµ, sin'h = (n̂KK ⇥ n̂µµ) · êKKµµ
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(12)
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1. the inclusion of the same-side kaon tagger in the same manner as has already been473

described for the B

0
s ! J/ K
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K

� sample. This increases the number of tagged474

signal candidates to 2146 OS, 497 SSK and 293 overlapped events compared to 2445475
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increases from (2.43± 0.08± 0.26)% to (3.37± 0.12± 0.27)%;477
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The measurement of �s using only the B

0
s ! J/ ⇡
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� events is484

�s = �0.14+0.17
�0.16 ± 0.01 rad

where the systematic error is obtained in the same way as described in Ref. [5].485

In addition, the “e↵ective” lifetime ⌧J/ ⇡⇡single (defined as the lifetime determined by fitting486

a single exponential PDF to the B0
s decay time distribution) is measured. In this case no487

external constraints on �s and ��s are applied. The result is488

⌧

J/ ⇡⇡
single = 1.652± 0.024(stat)± 0.024(syst) ps.

This is equivalent to a decay width of �J/ ⇡⇡
single = 0.605±0.009(stat)±0.009(syst) ps�1 which,489

in the limit of �s = 0, corresponds to �H. The uncertainty on the B0 lifetime [26] used to490

calibrate the decay time acceptance is already included in the statistical uncertainty. The491

remaining systematic error is evaluated by changing the background model (±0.011 ps)492

and assigning half of the relative change between the fits with and without the decay time493

acceptance correction included (±0.021 ps). The total systematic uncertainty is±0.024 ps.494
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Table XII. The correlation matrix for the principal parame-
ters is given in Table XIII.

For all parameters, except !s and "!s, the same system-
atic uncertainties as presented for the stand-alone B0

s !
J=cKþK" analysis are assigned. For !s and "!s, addi-
tional systematic uncertainties of 0:001 ps"1 and
0:006 ps"1, respectively, are included, due to the B0

s !
J=c!þ!" background model and decay-time acceptance
variations described above.

XIII. CONCLUSION

A sample of pp collisions at
ffiffiffi
s

p ¼ 7 TeV, correspond-
ing to an integrated luminosity of 1:0 fb"1, collected with
the LHCb detector is used to select 27 617$ 115 B0

s !
J=cKþK" events in a $30 MeV=c2 window around the
"ð1020Þmeson mass [11]. The effective tagging efficiency
from the opposite-side (same-side kaon) tagger is "eff ¼
2:29$ 0:22% (0:89$ 0:18%). A combination of data- and
simulation-based techniques is used to correct for detector
efficiencies. These data have been analyzed in six bins of
mðKþK"Þ, allowing the resolution of two symmetric so-
lutions, leading to the single most precise measurements of
"s, !s, and "!s

"s ¼ 0:07$ 0:09ðstatÞ $ 0:01ðsystÞ rad;
!s ¼ 0:663$ 0:005ðstatÞ $ 0:006ðsystÞ ps"1;

"!s ¼ 0:100$ 0:016ðstatÞ $ 0:003ðsystÞ ps"1:

The B0
s ! J=cKþK" events also allow an independent

determination of "ms ¼ 17:70$ 0:10$ 0:01 ps"1.
The time-dependent CP-asymmetry measurement using

B0
s ! J=c!þ!" events from Ref. [6] is updated to in-

clude same-side kaon tagger information. The result of
performing a combined fit using both B0

s ! J=cKþK"

and B0
s ! J=c!þ!" events gives

"s ¼ 0:01$ 0:07ðstatÞ $ 0:01ðsystÞ rad;
!s ¼ 0:661$ 0:004ðstatÞ $ 0:006ðsystÞ ps"1;

"!s ¼ 0:106$ 0:011ðstatÞ $ 0:007ðsystÞ ps"1:

The measurements of"s, "!s, and !s are the most precise
to date and are in agreement with SM predictions [2,41].
All measurements using B0

s ! J=cKþK" decays super-
sede our previous measurements reported in Ref. [5], and
all measurements using B0

s ! J=c!þ!" decays super-
sede our previous measurements reported in Ref. [6]. The
B0
s ! J=c!þ!" effective lifetime measurement super-

sedes that reported in Ref. [46]. The combined results
reported in Ref. [6] are superseded by those reported
here. Since the combined results for !s and "!s include
all lifetime information from both channels, they should
not be used in conjunction with the B0

s ! J=c!þ!"

effective lifetime measurement.
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TABLE XII. Results of combined fit to the B0
s ! J=cKþK"

and B0
s ! J=c!þ!" data sets. The first uncertainty is statisti-

cal, and the second is systematic.

Parameter Value

!s [ps
"1] 0:661$ 0:004$ 0:006

"!s [ps
"1] 0:106$ 0:011$ 0:007

jA?j2 0:246$ 0:007$ 0:006
jA0j2 0:523$ 0:005$ 0:010
#k [rad] 3:32þ0:13

"0:21 $ 0:08
#? [rad] 3:04$ 0:20$ 0:08
"s [rad] 0:01$ 0:07$ 0:01
j$j 0:93$ 0:03$ 0:02

TABLE XIII. Correlation matrix for statistical uncertainties on combined results.

!s [ps
"1] "!s [ps

"1] jA?j2 jA0j2 #k [rad] #? [rad] "s [rad] j$j
!s [ps

"1] 1.00 0.10 0.08 0.03 "0:08 "0:04 0.01 0.00
"!s [ps

"1] 1.00 "0:49 0.47 0.00 0.00 0.00 "0:01
jA?j2 1.00 "0:40 "0:37 "0:14 0.02 "0:05
jA0j2 1.00 "0:05 "0:03 "0:01 0.01
#k [rad] 1.00 0.39 "0:01 0.13
#? [rad] 1.00 0.21 0.03
"s [rad] 1.00 0.06
j$j 1.00
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TABLE XII. Results of combined fit to the B0
s ! J=cKþK"

and B0
s ! J=c!þ!" data sets. The first uncertainty is statisti-

cal, and the second is systematic.

Parameter Value

!s [ps
"1] 0:661$ 0:004$ 0:006

"!s [ps
"1] 0:106$ 0:011$ 0:007

jA?j2 0:246$ 0:007$ 0:006
jA0j2 0:523$ 0:005$ 0:010
#k [rad] 3:32þ0:13

"0:21 $ 0:08
#? [rad] 3:04$ 0:20$ 0:08
"s [rad] 0:01$ 0:07$ 0:01
j$j 0:93$ 0:03$ 0:02

TABLE XIII. Correlation matrix for statistical uncertainties on combined results.

!s [ps
"1] "!s [ps

"1] jA?j2 jA0j2 #k [rad] #? [rad] "s [rad] j$j
!s [ps

"1] 1.00 0.10 0.08 0.03 "0:08 "0:04 0.01 0.00
"!s [ps

"1] 1.00 "0:49 0.47 0.00 0.00 0.00 "0:01
jA?j2 1.00 "0:40 "0:37 "0:14 0.02 "0:05
jA0j2 1.00 "0:05 "0:03 "0:01 0.01
#k [rad] 1.00 0.39 "0:01 0.13
#? [rad] 1.00 0.21 0.03
"s [rad] 1.00 0.06
j$j 1.00
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�s = 0.07 ± 0.09 (stat) ± 0.01 (syst) rad

�s = 0.663 ± 0.005 (stat) ± 0.006 (syst) ps�1

��s = 0.100 ± 0.016 (stat) ± 0.003 (syst) ps�1

|�| = 0.94 ± 0.03 (stat) ± 0.02 (syst)

gives521

�s = 0.01 ± 0.07 (stat) ± 0.01 (syst) rad,

�s = 0.661 ± 0.004 (stat) ± 0.006 (syst) ps�1
,

��s = 0.106 ± 0.011 (stat) ± 0.007 (syst) ps�1
.

The measurements of �s, ��s and �s are the most precise to date. All measurements are522

in agreement with SM predictions [2, 10].523
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A Definition of helicity decay angles539

In order to define the helicity angles in terms of the momenta of the decay particles first540

denote the momentum of particle a in the centre-of-mass system of S by ~p

S
a . With this541

convention, unit vectors along the helicity axis in the three centre-of-mass systems, and542

the two unit normal vectors of the K

+
K

� and µ

+
µ

� decay planes can be defined as543

ê

KKµµ
z = +

~p

KKµµ
µ+ + ~p

KKµµ
µ�

|~p KKµµ
µ+ + ~p

KKµµ
µ� |

, ê

KK
z = �

~p

KK
µ+ + ~p

KK
µ�

|~p KK
µ+ + ~p

KK
µ� |

, ê

µµ
z = �

~p

µµ
K+ + ~p

µµ
K�

|~p µµ
K+ + ~p

µµ
K� |

,

n̂KK =
~p

KKµµ
K+ ⇥ ~p

KKµµ
K�

|~p KKµµ
K+ ⇥ ~p

KKµµ
K� |

, n̂µµ =
~p

KKµµ
µ+ ⇥ ~p

KKµµ
µ�

|~p KKµµ
µ+ ⇥ ~p

KKµµ
µ� |

.

(11)
The helicity angles are defined in terms of these vectors as544

cos ✓K =
~p

KK
K+

|~p KK
K+ |

· êKK
z , cos ✓µ =

~p

µµ
µ+

|~p µµ
µ+ |

· êµµ
z ,

cos'h = n̂KK · n̂µµ, sin'h = (n̂KK ⇥ n̂µµ) · êKKµµ
z .

(12)
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11 Results for B

0
s

! J/ ⇡

+
⇡

�
470

The B

0
s ! J/ ⇡

+
⇡

� analysis used in this paper is unchanged with respect to Ref. [5]471

except for:472

1. the inclusion of the same-side kaon tagger in the same manner as has already been473

described for the B

0
s ! J/ K

+
K

� sample. This increases the number of tagged474

signal candidates to 2146 OS, 497 SSK and 293 overlapped events compared to 2445475

in Ref. [5]. The overall tagging e�ciency is (39.5 ± 0.7)% and the tagging power476

increases from (2.43± 0.08± 0.26)% to (3.37± 0.12± 0.27)%;477

2. an updated decay time acceptance model. For this, the decay channel B

0 !478

J/ K

⇤(892), which has a well known lifetime, is used to calibrate the decay time479

acceptance, and simulated events are used to determine a small relative correction480

between the B

0 ! J/ K

⇤(892) and B

0
s ! J/ ⇡

+
⇡

� acceptances;481

3. use of the updated values of �s and ��s from the B

0
s ! J/ K

+
K

� analysis pre-482

sented in this paper as constraints in the fit for �s.483

The measurement of �s using only the B

0
s ! J/ ⇡

+
⇡

� events is484

�s = �0.14+0.17
�0.16 ± 0.01 rad

where the systematic error is obtained in the same way as described in Ref. [5].485

In addition, the “e↵ective” lifetime ⌧J/ ⇡⇡single (defined as the lifetime determined by fitting486

a single exponential PDF to the B0
s decay time distribution) is measured. In this case no487

external constraints on �s and ��s are applied. The result is488

⌧

J/ ⇡⇡
single = 1.652± 0.024(stat)± 0.024(syst) ps.

This is equivalent to a decay width of �J/ ⇡⇡
single = 0.605±0.009(stat)±0.009(syst) ps�1 which,489

in the limit of �s = 0, corresponds to �H. The uncertainty on the B0 lifetime [26] used to490

calibrate the decay time acceptance is already included in the statistical uncertainty. The491

remaining systematic error is evaluated by changing the background model (±0.011 ps)492

and assigning half of the relative change between the fits with and without the decay time493

acceptance correction included (±0.021 ps). The total systematic uncertainty is±0.024 ps.494

12 Combined results for B

0
s

! J/ K

+
K

� and B

0
s

!495

J/ ⇡

+
⇡

� datasets496

This section presents the results from a simultaneous fit to both B

0
s ! J/ K

+
K

� and497

B

0
s ! J/ ⇡

+
⇡

� datasets. The joint log-likelihood is minimised with the common param-498

eters being �s, ��s, �s, |�|, �ms and the tagging calibration parameters. The parameter499

|�| is assumed to be common to both channels and the same for the di↵erent polarisation500
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Mass eigenstates of neutral charm mesons are linear combinations of flavor eigenstates
|D1,2i = p|D0i ± q|D0i, where p and q are complex parameters. This results in D

0–D0

oscillation. In the limit of charge-parity (CP ) symmetry, the oscillation is characterized by
the di↵erence in mass �m ⌘ m2�m1 and decay width �� ⌘ �2��1 between the D mass
eigenstates. These di↵erences are usually expressed in terms of the dimensionless mixing
parameters x ⌘ �m/� and y ⌘ ��/2�, where � is the average decay width of neutral
D mesons. If CP symmetry is violated, the oscillation rates for mesons produced as D0

and D

0 can di↵er, further enriching the phenomenology. Both short- and long-distance
components of the amplitude contribute to the time evolution of neutral D mesons [1–3].
Short-distance amplitudes could include contributions from non-standard-model particles
or interactions, possibly enhancing the average oscillation rate or the di↵erence between
D

0 and D

0 meson rates. The study of CP violation in D

0 oscillation may lead to an
improved understanding of possible dynamics beyond the standard model [4–7].

The first evidence for D

0–D0 oscillation was reported in 2007 [8, 9]. By 2009, the
hypothesis of no oscillation was excluded with significance in excess of 10 standard
deviations [10] by combining results from di↵erent experiments [8, 9, 11–17]. In 2012, the
LHCb experiment reported the first observation from a single measurement with greater
than 5 standard deviation significance [18], which has been recently confirmed by the CDF
experiment [19].

This Letter reports a search for CP violation in D

0–D0 mixing by comparing the
decay-time-dependent ratio of D0 ! K

+
⇡

� to D

0 ! K

�
⇡

+ rates with the corresponding
ratio for the charge-conjugate processes. An improved determination of the CP -averaged
charm mixing parameters with respect to our previous measurement [18] is also reported.
The analysis uses data corresponding to 1.0 fb�1 of integrated luminosity from

p
s = 7 TeV

pp collisions recorded by LHCb during 2011 and 2.0 fb�1 from
p
s = 8 TeV collisions

recorded during 2012. The neutral D flavor at production is determined from the charge of
the low-momentum pion ⇡

+
s in the flavor-conserving strong-interaction decay D

⇤+ ! D

0
⇡

+
s .

The inclusion of charge-conjugate processes is implicit unless stated otherwise. The D⇤+ !
D

0(! K

�
⇡

+)⇡+
s process is denoted as right sign (RS), and D

⇤+ ! D

0(! K

+
⇡

�)⇡+
s is

denoted as wrong sign (WS). The RS decay rate is dominated by a Cabibbo-favored
amplitude. The WS rate arises from the interfering amplitudes of the doubly Cabibbo-
suppressed D

0 ! K

+
⇡

� decay and the Cabibbo-favored D

0 ! K

+
⇡

� decay following
D

0–D0 oscillation, each of similar magnitude. In the limit of |x|, |y| ⌧ 1, and assuming
negligible CP violation, the time-dependent ratio R(t) of WS-to-RS decay rates is [1–4]

R(t) ⇡ R

D

+
p

R

D

y

0 t

⌧

+
x

02 + y

02

4

✓
t

⌧

◆2

, (1)

where t is the decay time, ⌧ is the average D0 lifetime, and R

D

is the ratio of suppressed-to-
favored decay rates. The parameters x0 and y

0 depend linearly on the mixing parameters as
x

0 ⌘ x cos �+y sin � and y

0 ⌘ y cos ��x sin �, where � is the strong-phase di↵erence between
the suppressed and favored amplitudes A(D0 ! K

+
⇡

�)/A(D0 ! K

+
⇡

�) = �
p
R

D

e

�i�.
Allowing for CP violation, the WS rates R+(t) and R

�(t) of initially produced D

0 and
D

0 mesons are functions of independent sets of mixing parameters (R±
D

, x

02±
, y

0±). A

1

Charm: D0 mixing
D0 mix (similar mechanism, down quarks in the 
loops)! small rate.

time dependent ratio: D*+→D0(K-π+)π+s (RS:CF),   
D*+→D0-(K+π-)π+s (WS:2CS or via oscillation)
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suppressed D
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� decay and the Cabibbo-favored D

0 ! K

+
⇡

� decay following
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where t is the decay time, ⌧ is the average D0 lifetime, and R
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is the ratio of suppressed-to-
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Figure 1: Distribution of M(D0
⇡

+
s ) for selected (a) right-sign D

0 ! K

�
⇡
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experiment. In the limit of charge-parity (CP ) symmetry, the mixing parameters
are determined to be x

02 = (5.5 ± 4.9) ⇥ 10�5, y0 = (4.8 ± 1.0) ⇥ 10�3, and
�3

violation, the mixing parameters are
mesons yielding A

D

= (�0.7± 1.9)%, for the

Oscillation established!

No evidence of direct or
 indirect CP violation!

D mesons yielding A

-violating asymmetry, and 0.75 < |q/p| < 1.24 at the 68
are parameters that describe the mass eigenstates of the neutral charm

68%C.L:

RS~23M

arXiv:1309.6534v2 (2013)/3fb-1

WS ~0.1M
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In the SM, the γ/Z penguin introduces a forward/
backward asymmetry (AFB) of the muons

 SM prediction of the zero-crossing point of AFB

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

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

W. Coefficients involved: C7,C9,C10 

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

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

Forward backward asymmetry in 

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

observable for testing SM vs NP 

•  Interference of axial & vector currents ! direct access to 

  relative phases of the  Wilson coefficients. 

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

48 

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

Rare semileptonic decays 

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

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

and F
S

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

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

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

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

q2 < 19GeV2/c4, F
S

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

< 0.04 at

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

6GeV2/c4, where both F
L

and F
S

are expected to be enhanced. This gives F
S

= 0.04±0.04

and an upper limit of F
S

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

= 0.07 is used

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

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

For the di↵erential branching fraction analysis, F
S

scales the observed branching frac-

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

dilutes A
FB

, S
3

and A
9

. The impact on

F
L

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

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

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

S-wave is 0.01� 0.03.

8 Forward-backward asymmetry zero-crossing point

In the SM, A
FB

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

, whose prediction is largely

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

from the angular fits

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

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

(cos ✓` < 0) candidates and q2
0

determined from the resulting distribution of A
FB

(q2).

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

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

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

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

P
F

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

(q2) the backward-going

signal decays, then

A
FB

(q2) =
P
F

(q2)� P
B

(q2)

P
F

(q2) + P
B

(q2)
. (8.1)

The zero-crossing point of A
FB

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

(q2)

is zero.

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

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

q2
0

= 4.9± 0.9GeV2/c4 .

The uncertainty on q2
0

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

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

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

0

=

4.36+0.33
�0.31GeV2/c4 [47].

– 19 –

JHEP 09 (2013) 131/1fb-1

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

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

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

2012.05.21            ����  
 

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

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

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

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

- S3 =
1
2

(1"FL )AT
2, the transverse asymmetry 

2012.05.21            ����  
 

~900 candidates

3D fit in the angles (in bis q2)

FL, the longitudinal polarization of K*

AFB, the forward/backwark dimuon asymmetry

Analysis:
BDT to suppress combinatorial bkg

Veto dimuon resonances J/ψ, ψ(2S)

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

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

JHEP 09 (2013) 131/1fb-1
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AFB 
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LHCb CDF BELLE BaBarLHCb Collaboration:  LHCb-CONF-2012-008 

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

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

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

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

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

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

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

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

2012.05.21            ����  
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In agreement with SM!



Angular analysis B→K*µµ

Angular analysis with new observables:

Si are functions of Wilson coefficients and form-factors

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

using SM predictions [Descotes-Genon et al. JHEP 05 (2013) 137]
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B0 ! K⇤0µ+µ� angular distribution

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

Di↵erential angilar distribution can be written:

1
d�/dq2

d4�
d cos ✓K d� dq2 = 9

32⇡

h
3
4 (1� FL) sin

2
✓K + FL cos

2
✓K � FL cos

2
✓K cos 2✓`

+ 1
4 (1� FL) sin

2
✓K cos 2✓` + S3 sin

2
✓K sin2 ✓` cos 2�

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

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

i

�
Si are functions of Wilson coe�cients

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

P

0
i=4,5,6,8 =

Sj=4,5,7,8p
FL(1� FL)

S. Hall (ICL) Rare decays at LHCb

ICNFP 2013 B ! K⇤µµ
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B0 ! K⇤0µ+µ� angular distribution

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

Di↵erential angilar distribution can be written:

1
d�/dq2

d4�
d cos ✓K d� dq2 = 9

32⇡
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i

�
Si are functions of Wilson coe�cients

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

P

0
i=4,5,6,8 =

Sj=4,5,7,8p
FL(1� FL)

S. Hall (ICL) Rare decays at LHCb

ICNFP 2013 B ! K⇤µµ

Analysis:
BDT to suppress combinatorial bkg

Veto in dimuon resonances J/ψ, ψ(2S)

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

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

mass from control channel and bkg 
distributions from upper side bands

Fit to the mass and angular distributions 
after unfolding 𝜙

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

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

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

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

2012.05.21            ����  
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� 1 fb�1 of 2011 data used

� 6 bins of q2

� SM predictions from
Descotes-Genon et al. JHEP 05 (2013)
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ICNFP 2013 B ! K⇤µµ

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

In agreement with SM!
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if all bins independent, the probability of have such deviation or greater is 0.5%

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

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

new angular analysis B→K*µµ

[arXiv:1308.101, arXiv:1307.5683]

arXiv:1308.1707/1fb-1

all bins (24) in q
2 in agreement with SM

except 1 (at 3.7σ)!
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Isospin asymmetry: 

SM prediction is close to zero

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

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

1 Introduction

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

I

) is such
an observable. It is defined as

A
I

=
�(B0! K(⇤)0µ+µ�)� �(B+! K(⇤)+µ+µ�)

�(B0! K(⇤)0µ+µ�) + �(B+! K(⇤)+µ+µ�)

=
B(B0! K(⇤)0µ+µ�)� ⌧0

⌧+
B(B+! K(⇤)+µ+µ�)

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

,

(1)

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

0

/⌧
+

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

I

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

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

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

I

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

I

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

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

Sµ
+µ�, B0! (K⇤0 ! K+⇡�)µ+µ� and

B+! (K⇤+ ! K0

S⇡
+)µ+µ�; the decays involving a K0

L or ⇡0 are not considered. The
K0

S meson is reconstructed via the K0

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

Sµ
+µ�

and B+! (K⇤+ ! K0

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

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

Sµ
+µ�). Finally, A

I

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

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

from

1Charge conjugation is implied throughout this paper.

1

SM B predictions suffer from hadron form factors uncertainties

Measured Differential B:

B+→K*+(Ksπ+)µµ, B→K*µµ, 

B→Kµµ, B+→K+µµ 

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

1 Introduction

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

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

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

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

AI =
B(B0! K(⇤)0µ+µ�)� ⌧0

⌧+
B(B+! K(⇤)+µ+µ�)

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

, (2)

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

is the ratio of the lifetimes of

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

(a) (b)

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

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

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

1

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

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

I

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

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

signal. Ignoring the small correlation of errors between each q2 bin, the significance of
the deviation from zero integrated across q2 is calculated to be 4.4 �. The B! K⇤µ+µ�
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two cases. The confidence intervals are also determined by scanning the profile likelihood.
The significance of the deviation from the null hypothesis is obtained by fixing A
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to be
zero and computing the di↵erence in the negative log-likelihood from the nominal fit.

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

signal. Ignoring the small correlation of errors between each q2 bin, the significance of
the deviation from zero integrated across q2 is calculated to be 4.4 �. The B! K⇤µ+µ�
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Deviation from 0 at 4.4σ!

but difficult to interpret!
In agreement with SM! 

and with previous measurements
!



Update of B(s)→µµ with 3fb-1

SM prediction (FCNC, helicity suppressed) 

SM B(Bs→µµ) = (3.56±0.30) 10-9 

SM B(B→µµ) = (1.07±0.10) 10-10

Branching Ratio very sensitive to NP

47

2

0

3

,

tan

A

MSSM

PS

M

m
C

!"
#

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

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

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

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

Thursday, August 26, 2010 12Frederic Teubert

Rare decays: Bs ! ""

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

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

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

! Highly interesting to probe models with extended Higgs sector!

     arXiv:1208.0934
     arXiv:1303.3820

Analysis:

BTD to suppress combinatorial bkg (bb→Xµµ)

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

Discrimination in 2D space:

BDT (kinematical & geometrical variables) & mass

Normalize to B+→J/ψK+

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

PRL 111 (2013) 101805/3fb-1
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A multivariate discriminant BDT:
kinematical and geometrical variables 
signal uniformly distributed [0,1]
trained with MC
estimated with data:

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

Mass:
signal: CB shape

central values B→hh fit
resolution: interpolation between 
µµ resonances J/ψ, Ψ(2S), ϒ(1S,2S,3S)
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Update of B(s)→µµ with 3fb-1
PRL 111 (2013) 101805/3fb-1
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Figure 2: Invariant mass distribution of the selected
B0

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

s

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

(s) ! h+h0� (ma-

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

µ

and B0
s

! K�µ+⌫
µ

(black dot-dashed).

results in

B(B0

s ! µ+µ�)= (2.9+1.1
�1.0(stat)

+0.3
�0.1(syst))⇥ 10�9 ,

B(B0 ! µ+µ�)= (3.7+2.4
�2.1(stat)

+0.6
�0.4(syst))⇥ 10�10 .

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

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

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

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

(s) ! µ+µ�

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

is found, a modified frequentist approach, the CL
s

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

s+b

, a

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

b

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

s

= CL
s+b

/CL
b

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

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

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

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

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

s

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

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

s

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

In summary, a search for the rare decays B0

s ! µ+µ�

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

p
s = 7TeV and 8TeV, respec-

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

at 95% CL is obtained. The B0

s ! µ+µ� signal is

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

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10
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(s) ! µ+µ� candidates (black dots) with BDT > 0.7.
The result of the fit is overlaid (blue solid line) and the
di↵erent components detailed: B0

s

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

(s) ! h+h0� (ma-

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

µ

and B0
s
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µ

(black dot-dashed).

results in

B(B0

s ! µ+µ�)= (2.9+1.1
�1.0(stat)

+0.3
�0.1(syst))⇥ 10�9 ,

B(B0 ! µ+µ�)= (3.7+2.4
�2.1(stat)

+0.6
�0.4(syst))⇥ 10�10 .

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

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

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

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

(s) ! µ+µ�

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

is found, a modified frequentist approach, the CL
s

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

s+b

, a

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

b

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

s

= CL
s+b

/CL
b

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

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

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

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

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

s

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

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

s

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

In summary, a search for the rare decays B0

s ! µ+µ�

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

p
s = 7TeV and 8TeV, respec-

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

at 95% CL is obtained. The B0

s ! µ+µ� signal is

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

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10

4

B limits

Update of B(s)→µµ with 3fb-1

In agreement with SM! Bs significance 4σ
, B 2σ! 

PRL 111 (2013) 101805/3fb-1
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B(s)→µµ combination with CMS 

]
9−

) [10−
µ+µ →s

0
BB(

0 1 2 3 4 5 6 7

 preliminary
CMS+LHCb

1−
CMS 25fb

1−
LHCb 3fb

SM

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

B(B0
s ! µ+µ�) =

�
2.87 +1.09

�0.95 ± 0.17
�
⇥ 10�9 . (4)

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

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

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

B(B0 ! µ+µ�) =
�
3.6 +1.6

�1.4

�
⇥ 10�10 ,

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

s ! µ+µ�

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

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

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

(s) ! µ+µ� decays in
Fig. 2.

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

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

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

4 This conclusion is supported by a number of approximate methods to combine p-values [17].
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strong constraint to models beyond SM

LHCb + CMS 

 CMS also showed un update using the full statistics at EPS 
 Combining CMS and LHCb: 

Rare decays @ LHCb Justine Serrano 9 

90 10)7.09.2()(   SBBR106.1
4.1

0 10)6.3()( 


  BBR

1 σ 

First observation !! 

CMS PAS BPH-13-007, LHCb-CONF-2013-012 

From D. Straub, arXiv:1205.6094 

In agreement with SM! 

Observation! 

LHCb-CONF-2013-12/3fb-1



D→µµ

SM: FCNC suppression driven 
by GIM mechanism

SM B(D→µµ): 10-13-10-11 

NP models can enhance B (R 
parity violating MSSM)
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Analysis:
Use D*+→D0(µµ)π+ 

2D fit to m(D0), Δm(D*+-D0)

Background: combinatorial, D→ππ 

Normalize to D-s→𝜙(µµ)π- 
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Fig. 5. CLs (solid line) as a function of the assumed D0 → µ+µ− branching frac-
tion and median (dashed line), 1σ and 2σ bands of the expected CLs , in the
background-only hypothesis, obtained with the asymptotic CLs method. The hori-
zontal lines corresponding to CLs = 0.05 (blue solid) and CLs = 0.1 (red solid) are
also drawn. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this Letter.)

a residual contribution from D∗+ → D0(π+π−)π+ events is visi-
ble among the peaking backgrounds.

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

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

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

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

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

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

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

7. Summary

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

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

B
(

D0 → µ+µ−)
< 6.2 (7.6) × 10−9 at 90% (95%) CL.

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

LHCb has a rich Physics program:

Direct CP violation B(s)→hh

γ angle via trees: B→DK

Bs→Dπ oscillations

𝜙s angle: Bs→J/ψ𝜙

D0 mixing!

B→K*µµ angular analysis

new observables! (one bin in 24 shows discrepancy)

Bs→µµ signal (4σ) , limit on B→µµ

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

Stringent constraints in models that extend the SM

Now looking for NP smallish effects...

Most analysis with 3fb-1 expected by first half 2014
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Figure 2: Invariant mass distribution of the selected
B0

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

s

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

(s) ! h+h0� (ma-

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

µ

and B0
s

! K�µ+⌫
µ

(black dot-dashed).

results in

B(B0

s ! µ+µ�)= (2.9+1.1
�1.0(stat)

+0.3
�0.1(syst))⇥ 10�9 ,

B(B0 ! µ+µ�)= (3.7+2.4
�2.1(stat)

+0.6
�0.4(syst))⇥ 10�10 .

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

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

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

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

(s) ! µ+µ�

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

is found, a modified frequentist approach, the CL
s

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

s+b

, a

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

b

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

s

= CL
s+b

/CL
b

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

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

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

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

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

s

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

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

s

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

In summary, a search for the rare decays B0

s ! µ+µ�

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

p
s = 7TeV and 8TeV, respec-

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

at 95% CL is obtained. The B0

s ! µ+µ� signal is

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

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

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

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

s

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

(s) ! h+h0� (ma-

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

µ

and B0
s

! K�µ+⌫
µ

(black dot-dashed).

results in

B(B0

s ! µ+µ�)= (2.9+1.1
�1.0(stat)

+0.3
�0.1(syst))⇥ 10�9 ,

B(B0 ! µ+µ�)= (3.7+2.4
�2.1(stat)

+0.6
�0.4(syst))⇥ 10�10 .

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

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

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

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

(s) ! µ+µ�

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

is found, a modified frequentist approach, the CL
s

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

s+b

, a

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

b

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

s

= CL
s+b

/CL
b

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

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

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

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

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

s

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

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

s

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

In summary, a search for the rare decays B0

s ! µ+µ�

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

p
s = 7TeV and 8TeV, respec-

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

at 95% CL is obtained. The B0

s ! µ+µ� signal is

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

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10

4

J
H
E
P
0
8
(
2
0
1
3
)
1
3
1

fitting eq. 7.4 directly for A
S

and F
S

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

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

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

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

q2 < 19GeV2/c4, F
S

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

< 0.04 at

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

6GeV2/c4, where both F
L

and F
S

are expected to be enhanced. This gives F
S

= 0.04±0.04

and an upper limit of F
S

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

= 0.07 is used

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

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

For the di↵erential branching fraction analysis, F
S

scales the observed branching frac-

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

dilutes A
FB

, S
3

and A
9

. The impact on

F
L

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

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

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

S-wave is 0.01� 0.03.

8 Forward-backward asymmetry zero-crossing point

In the SM, A
FB

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

, whose prediction is largely

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

from the angular fits

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

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

(cos ✓` < 0) candidates and q2
0

determined from the resulting distribution of A
FB

(q2).

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

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

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

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

P
F

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

(q2) the backward-going

signal decays, then

A
FB

(q2) =
P
F

(q2)� P
B

(q2)

P
F

(q2) + P
B

(q2)
. (8.1)

The zero-crossing point of A
FB

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

(q2)

is zero.

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

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

q2
0

= 4.9± 0.9GeV2/c4 .

The uncertainty on q2
0

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

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

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

0

=

4.36+0.33
�0.31GeV2/c4 [47].
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LHCb has presented, at this conference, an updated measurement of B± ! DK

±

decays [1], where D denotes an admixture of D0 and D

0 mesons, and D is decaying into
the K0

S⇡
+
⇡

� and K

0
SK

+
K

� final states. The measurement consists of a model independent
Dalitz plot analysis (GGSZ [2]), where so-called cartesian coordinates x± = r

K
B cos(�KB ±�),

y± = r

K
B sin(�KB ± �), are measured. The analysis includes 2 fb�1 of integrated luminosity

recorded in 2012, which, when combined with our previous GGSZ result [3] on a data
set corresponding to an integrated luminosity of 1 fb�1 recorded in 2011, leads to an
independent measurement of � = (57 ± 16)� [1]. The purpose of this note is to study
the e↵ect of this new measurement on the value of � as obtained from a combination
of relevant LHCb measurements. The results in this note are obtained by updating the
frequentist procedure described in Ref. [4] with the new inputs.

The GGSZ analysis of the 2012 data was done independently from the 2011 data.
The new result is included by first combining the cartesian coordinates observed in
both measurements, taking into account their systematic correlations. This was done in
Ref. [1]. Then the combined cartesian coordinates are further combined with the other
measurements, obtained from the GLW/ADS methods as described in Ref. [4].

Results of the B

±! DK

± combination, including the new 3 fb�1 GGSZ measurement,
are presented in Table 1 and Figure 1. Figure 2 compares the new results to those obtained
from 1 fb�1 of 2011 data alone [4]. For the phases � and �

K
B the confidence intervals are

reduced significantly, especially at confidence levels over 95.5%, resulting in much more
Gaussian behaviour. The interval for rKB is also reduced. Figures 3 and 4 illustrate the
constraints from the new 3 fb�1 GGSZ measurement alone, and compare them to those
from the 1 fb�1 GLW/ADS measurements.

In conclusion, the e↵ect of the new GGSZ measurement using 3 fb�1 of data on the
combination of �-sensitive measurements using the B±! DK

± final state has been studied.
A central value of � = 67.2� is found. Using the same statistical treatment as in Ref. [4],
confidence intervals are set:

� 2 [55.1, 79.1]� at 68% CL ,

� 2 [43.9, 89.5]� at 95% CL .

Taking the best fit value as central value, the first interval is translated to

� = (67± 12)� at 68% CL .

All quoted values are modulo 180�.

1

10

Table 2. Systematic uncertainties on the 1ms measurement. The total systematic
uncertainty is calculated as the quadratic sum of the individual contributions.
Source Uncertainty (ps�1)

z-scale 0.004
Momentum scale 0.004
Decay time bias 0.001
Total systematic uncertainty 0.006

9. Conclusion

A measurement of the B0
s – B

0
s oscillation frequency 1ms is performed using B0

s ! D�
s ⇡+

decays in five different D�
s decay channels. Using a data sample corresponding to an integrated

luminosity of 1.0 fb�1 collected by LHCb in 2011, the oscillation frequency is found to be

1ms = 17.768 ± 0.023 (stat) ± 0.006 (syst) ps�1,

in good agreement with the first result reported by the LHCb experiment [13] and the current
world average, 17.69 ± 0.08 ps�1 [27]. This is the most precise measurement of 1ms to date,
and will be a crucial ingredient in future searches for BSM physics in B0

s oscillations.
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but more to come!

calibration parameters. The combined results are given in
Table XII. The correlation matrix for the principal parame-
ters is given in Table XIII.

For all parameters, except !s and "!s, the same system-
atic uncertainties as presented for the stand-alone B0

s !
J=cKþK" analysis are assigned. For !s and "!s, addi-
tional systematic uncertainties of 0:001 ps"1 and
0:006 ps"1, respectively, are included, due to the B0

s !
J=c!þ!" background model and decay-time acceptance
variations described above.

XIII. CONCLUSION

A sample of pp collisions at
ffiffiffi
s

p ¼ 7 TeV, correspond-
ing to an integrated luminosity of 1:0 fb"1, collected with
the LHCb detector is used to select 27 617$ 115 B0

s !
J=cKþK" events in a $30 MeV=c2 window around the
"ð1020Þmeson mass [11]. The effective tagging efficiency
from the opposite-side (same-side kaon) tagger is "eff ¼
2:29$ 0:22% (0:89$ 0:18%). A combination of data- and
simulation-based techniques is used to correct for detector
efficiencies. These data have been analyzed in six bins of
mðKþK"Þ, allowing the resolution of two symmetric so-
lutions, leading to the single most precise measurements of
"s, !s, and "!s

"s ¼ 0:07$ 0:09ðstatÞ $ 0:01ðsystÞ rad;
!s ¼ 0:663$ 0:005ðstatÞ $ 0:006ðsystÞ ps"1;

"!s ¼ 0:100$ 0:016ðstatÞ $ 0:003ðsystÞ ps"1:

The B0
s ! J=cKþK" events also allow an independent

determination of "ms ¼ 17:70$ 0:10$ 0:01 ps"1.
The time-dependent CP-asymmetry measurement using

B0
s ! J=c!þ!" events from Ref. [6] is updated to in-

clude same-side kaon tagger information. The result of
performing a combined fit using both B0

s ! J=cKþK"

and B0
s ! J=c!þ!" events gives

"s ¼ 0:01$ 0:07ðstatÞ $ 0:01ðsystÞ rad;
!s ¼ 0:661$ 0:004ðstatÞ $ 0:006ðsystÞ ps"1;

"!s ¼ 0:106$ 0:011ðstatÞ $ 0:007ðsystÞ ps"1:

The measurements of"s, "!s, and !s are the most precise
to date and are in agreement with SM predictions [2,41].
All measurements using B0

s ! J=cKþK" decays super-
sede our previous measurements reported in Ref. [5], and
all measurements using B0

s ! J=c!þ!" decays super-
sede our previous measurements reported in Ref. [6]. The
B0
s ! J=c!þ!" effective lifetime measurement super-

sedes that reported in Ref. [46]. The combined results
reported in Ref. [6] are superseded by those reported
here. Since the combined results for !s and "!s include
all lifetime information from both channels, they should
not be used in conjunction with the B0

s ! J=c!þ!"

effective lifetime measurement.
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TABLE XII. Results of combined fit to the B0
s ! J=cKþK"

and B0
s ! J=c!þ!" data sets. The first uncertainty is statisti-

cal, and the second is systematic.

Parameter Value

!s [ps
"1] 0:661$ 0:004$ 0:006

"!s [ps
"1] 0:106$ 0:011$ 0:007

jA?j2 0:246$ 0:007$ 0:006
jA0j2 0:523$ 0:005$ 0:010
#k [rad] 3:32þ0:13

"0:21 $ 0:08
#? [rad] 3:04$ 0:20$ 0:08
"s [rad] 0:01$ 0:07$ 0:01
j$j 0:93$ 0:03$ 0:02

TABLE XIII. Correlation matrix for statistical uncertainties on combined results.

!s [ps
"1] "!s [ps

"1] jA?j2 jA0j2 #k [rad] #? [rad] "s [rad] j$j
!s [ps

"1] 1.00 0.10 0.08 0.03 "0:08 "0:04 0.01 0.00
"!s [ps

"1] 1.00 "0:49 0.47 0.00 0.00 0.00 "0:01
jA?j2 1.00 "0:40 "0:37 "0:14 0.02 "0:05
jA0j2 1.00 "0:05 "0:03 "0:01 0.01
#k [rad] 1.00 0.39 "0:01 0.13
#? [rad] 1.00 0.21 0.03
"s [rad] 1.00 0.06
j$j 1.00
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Direct CP - B(s)→hh
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Measuring CP violation in B decays

CPV in B decays is consequence of interfering amplitudes

Two types of measurements

1. Charge asymmetry: Ach
f ≡ N(B → f) − N(B → f̄)

N(B → f) + N(B → f̄)

≥ 2 interfering amplitudes with both different weak and ’strong’ phase

2. Time-dependent asymmetry: if B0 and B0 have common final state f ,
interference through B0-B0 mixing

A(t) ≡ N(B0(t) → f) − N(B0(t) → f)

N(B0(t) → f) + N(B0(t) → f)
= Sf sin(∆md t) − Cf cos(∆md t)

For example, for B0 → J/ψK0
S : SJ/ψK0

S
= sin 2β and CJ/ψK0

S
= 0

Note, for asymmetry measurements of neutral Bs:

need to tag the flavor of the
( )

B0 at t = 0

at Υ (4S), B0 and B0 in coherent state:
t −→ ∆t ≡ t(B → f) − t(otherB)

Wouter Hulsbergen (U. Maryland) — 8
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Extra

Charge Asymmetry:

selection:

D distance/σ>2 to reduce bkg

Calibration Rich D*+→D(Kπ)π+ kinematically 
selected; reweighted to B(s) phase-space 

Mass PDFs: 

signal: 2Gauss + tails, comb: exponential, x-feed (MC), 
partial B→Xhh (feno)

Detector and production asymmetries

detector: using D*+→D(Kπ,KK)π+, ACP(KK) external

production: amplitude of oscillation

Systematic: 

B (det. Asymm), Bs (signal model, comb bkg)

simulation. The cross-feed background yields are deter-
mined from the !þ!", KþK", p!", and pK" mass
spectra, using events passing the same selection as the
signal and taking into account the appropriate PID effi-
ciency factors. The Kþ!" and K"!þ mass spectra for the
events passing the two selections are shown in Fig. 1. The
average invariant mass resolution is about 22 MeV=c2.

From the two mass fits we determine the signal yields
NðB0 ! Kþ!"Þ ¼ 41420& 300 and NðB0

s ! K"!þÞ ¼
1065& 55, as well as the raw asymmetries ArawðB0 !
Kþ!"Þ ¼ "0:091& 0:006 and ArawðB0

s ! K"!þÞ ¼
0:28& 0:04, where the uncertainties are statistical only.
In order to derive the CP asymmetries from the observed
raw asymmetries, effects induced by the detector accep-
tance and event reconstruction, as well as due to interac-
tions of final-state particles with the detector material,
must be accounted for. Furthermore, the possible presence
of a B0

ðsÞ " !B0
ðsÞ production asymmetry must also be

considered.
The CP asymmetry is related to the raw asymmetry by

ACP ¼ Araw " A", where the correction A" is defined as

A"ðB0
ðsÞ ! K!Þ ¼ "dðsÞADðK!Þ þ #dðsÞAPðB0

ðsÞÞ; (2)

with "d ¼ 1 and "s ¼ "1. The instrumental asymmetry
ADðK!Þ is given in terms of the detection efficiencies
"D of the charge-conjugate final states by ADðK!Þ¼
#½"DðK"!þÞ;"DðKþ!"Þ(, and the production asymmetry
APðB0

ðsÞÞ is defined in terms of the !B0
ðsÞ and B0

ðsÞ production

rates,Rð !B0
ðsÞÞ andRðB0

ðsÞÞ, asAPðB0
ðsÞÞ ¼ #½Rð !B0

ðsÞÞ; RðB0
ðsÞÞ(.

The factors #d and #s take into account dilutions due to B
0

andB0
s mesonmixing, respectively. Their values also depend

on event reconstruction and selection, and are#d ¼ 0:303&
0:005 and #s ¼ "0:033& 0:003 [22]. The factor #s is
10 times smaller than #d, owing to the large B0

s oscillation
frequency.

The instrumental charge asymmetry ADðK!Þ is mea-
sured from data using D)þ ! D0ðK"!þÞ!þ and D)þ !
D0ðK"KþÞ!þ decays. The combination of the time-
integrated raw asymmetries of these two decay modes is
used to disentangle the various contributions to each raw
asymmetry. The presence of open charm production asym-
metries arising from the primary pp interaction constitutes
an additional complication. We write the following equa-
tions relating the observed raw asymmetries to the physical
CP asymmetries:

A)
rawðK!Þ ¼ A)

Dð!sÞ þ A)
DðK!Þ þ APðD)Þ; (3)

A)
rawðKKÞ ¼ ACPðKKÞ þ A)

Dð!sÞ þ APðD)Þ; (4)

where A)
rawðK!Þ and A)

rawðKKÞ are the time-integrated raw
asymmetries inD)-taggedD0 ! K"!þ andD0 ! K"Kþ

decays, respectively, ACPðKKÞ is the D0 ! K"Kþ CP
asymmetry, A)

DðK!Þ is the detection asymmetry in recon-
structing D0 ! K"!þ and !D0 ! Kþ!" decays, A)

Dð!sÞ

is the detection asymmetry in reconstructing positively and
negatively charged pions originating from D) decays, and
APðD)Þ is the production asymmetry for prompt charged
D) mesons. In Eq. (3) any possible CP asymmetry in the
Cabibbo-favoredD0 ! K"!þ decay is neglected [29]. By
subtracting Eqs. (3) and (4), one obtains

A)
rawðK!Þ " A)

rawðKKÞ ¼ A)
DðK!Þ " ACPðKKÞ: (5)

Once the raw asymmetries are measured, this equation
determines unambiguously the detection asymmetry
A)
DðK!Þ, using the world average for the CP asymmetry

of theD0 ! K"Kþ decay. Since the measured value of the
time-integrated asymmetry depends on the decay-time ac-
ceptance, the existing measurements of ACPðKKÞ [30–32]
are corrected for the difference in acceptance with
respect to LHCb [33]. This leads to the value ACPðKKÞ ¼
ð"0:24& 0:18Þ%. Furthermore, B meson production and
decay kinematic properties differ from those of the D
decays being considered, and different trigger and selection
algorithms are applied. In order to correct the raw asym-
metries of B decays, using the detection asymmetry
A)
DðK!Þ derived from D decays, a reweighting procedure

is needed. We reweight the D0 momentum, transverse
momentum, and azimuthal angle in D0 ! K"!þ and
D0 ! K"Kþ decays, to match the respective B0

ðsÞ distribu-

tions in B0 ! Kþ!" and B0
s ! K"!þ decays. The raw

asymmetries are determined by means of $2 fits to the
reweighted %m ¼ MD) "MD0 distributions, where MD)

andMD0 are the reconstructed D) and D0 candidate invari-
ant masses, respectively.
From the raw asymmetries, values for the quantity"A¼

ADðK!Þ"ACPðKKÞ are determined. We obtain the values
"A ¼ ð"0:91& 0:15Þ% and "A ¼ ð"0:98& 0:11Þ%,
using as target kinematic distributions those of B candi-
dates passing the event selection optimized for ACPðB0 !
Kþ!"Þ and for ACPðB0

s ! K"!þÞ, respectively. Using
these two values of "A and the value of ACPðKKÞ,
we obtain the instrumental asymmetries ADðK!Þ ¼
ð"1:15& 0:23Þ% for the B0 ! Kþ!" decay and
ADðK!Þ ¼ ð"1:22& 0:21Þ% for the B0

s ! K"!þ decay.
Assuming negligible CP violation in the mixing, as

expected in the SM and confirmed by current experimental
determinations [34], the decay rate of a B0

ðsÞ meson with

production asymmetry AP, decaying into a flavor-specific
final state fðsÞ with CP asymmetry ACP and detection
asymmetry AD, can be written as

Rðt;pÞ / ð1" pACPÞð1" pADÞ½HþðtÞ " pAPH"ðtÞ(;
(6)

where t is the reconstructed decay time of the Bmeson and
p assumes the values p ¼ þ1 for the final state fðsÞ
and p ¼ "1 for the final state !fðsÞ. The functions HþðtÞ
and H"ðtÞ are defined as
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APðD)Þ is the production asymmetry for prompt charged
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HþðtÞ ¼
!
e%!dðsÞt

0
cosh

"
"!dðsÞ

2
t0
#
& Rðt; t0Þ

$
"dðsÞðtÞ; (7)

H%ðtÞ ¼ ½e%!dðsÞt
0
cosð"mdðsÞt

0Þ & Rðt; t0Þ("dðsÞðtÞ; (8)

where !dðsÞ is the average decay width of the B0
ðsÞ meson,

"!dðsÞ and "mdðsÞ are the decay width and mass differ-
ences between the two B0

ðsÞ mass eigenstates, respectively,

Rðt; t0Þ is the decay time resolution (! ’ 50 fs in our case),
and the symbol & stands for convolution. Finally, "dðsÞðtÞ is
the acceptance as a function of the B0

ðsÞ decay time. Using

Eq. (6) we obtain the following expression for the time-
dependent asymmetry:

AðtÞ ¼ #½Rðt;%1Þ;Rðt;þ1Þ(

¼ ðACP þ ADÞHþðtÞ þ APð1þ ACPADÞH%ðtÞ
ð1þ ACPADÞHþðtÞ þ APðACP þ ADÞH%ðtÞ

: (9)

For illustrative purposes only, we consider the case of
perfect decay time resolution and negligible "!, retaining
only first-order terms in ACP, AP, and AD. In this case,
Eq. (9) reduces to the expression

A ðtÞ ) ACP þ AD þ AP cosð"mdðsÞtÞ; (10)

i.e., the time-dependent asymmetry has an oscillatory term
with amplitude equal to the production asymmetry AP.
By studying the full time-dependent decay rate it is then
possible to determine AP unambiguously.

In order to measure the production asymmetry AP for B0

and B0
s mesons, we perform fits to the decay time spectra of

the B candidates, separately for the events passing the two
selections. The B0 production asymmetry is determined
from the sample obtained applying the selection optimized
for the measurement of ACPðB0 ! Kþ"%Þ, whereas the B0

s

production asymmetry is determined from the sample
obtained applying the selection optimized for the measure-
ment of ACPðB0

s ! K%"þÞ. We obtain APðB0Þ ¼ ð0:1*
1:0Þ% and APðB0

sÞ ¼ ð4* 8Þ%. Figure 2 shows the raw
asymmetries as a function of the decay time, obtained
by performing fits to the invariant mass distributions of
events restricted to independent intervals of the B candi-
date decay times.

By using the values of the detection and produc-
tion asymmetries, the correction factors to the raw asym-
metries A"ðB0!Kþ"%Þ¼ð%1:12*0:23*0:30Þ% and
A"ðB0

s ! K%"þÞ ¼ ð1:09* 0:21* 0:26Þ% are obtained,
where the first uncertainties are due to the detection asym-
metry and the second to the production asymmetry.

Systematic uncertainties on the asymmetries are related
to PID calibration, modeling of the signal and background
components in the maximum likelihood fits and instrumen-
tal charge asymmetries. In order to estimate the impact
of imperfect PID calibration, we perform mass fits to
determine raw asymmetries using altered numbers of
cross-feed background events, according to the systematic

uncertainties affecting the PID efficiencies. An estimate of
the uncertainty due to possible mismodeling of the final-
state radiation is determined by varying the amount of
emitted radiation [27] in the signal shape parametrization,
according to studies performed on fully simulated events,
in which final-state radiation is generated using PHOTOS

[35]. The possibility of an incorrect description of the
signal mass model is investigated by replacing the double
Gaussian function with the sum of three Gaussian func-
tions, where the third component has fixed fraction (5%)
and width (50 MeV=c2), and is aimed at describing long
tails, as observed in simulation. To assess a systematic
uncertainty on the shape of the partially reconstructed
backgrounds, we remove the second ARGUS function.
For the modeling of the combinatorial background compo-
nent, the fit is repeated using a straight line. Finally, for the
case of the cross-feed backgrounds, two distinct systematic
uncertainties are estimated: one due to a relative bias in the
mass scale of the simulated distributions with respect to
the signal distributions in data, and another accounting for
the difference in mass resolution between simulation and

t [ps]
2 4 6 8 10 12

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05
LHCb

R
aw

 a
sy

m
m

et
ry

(a)

) [ps]sm∆/π) modulo (2
0

(t-t

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
-0.2

0

0.2

0.4

0.6 LHCb

R
aw

 a
sy

m
m

et
ry

(b)

FIG. 2 (color online). Raw asymmetries as a function of the
decay time for (a) B0 ! Kþ"% and (b) B0

s ! K%"þ decays. In
(b), the offset t0 ¼ 1:5 ps corresponds to the minimum value of
the decay time required by the B0

s ! K%"þ event selection. The
curves represent the asymmetry projections of fits to the decay
time spectra.
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HþðtÞ ¼
!
e%!dðsÞt

0
cosh

"
"!dðsÞ

2
t0
#
& Rðt; t0Þ

$
"dðsÞðtÞ; (7)

H%ðtÞ ¼ ½e%!dðsÞt
0
cosð"mdðsÞt

0Þ & Rðt; t0Þ("dðsÞðtÞ; (8)

where !dðsÞ is the average decay width of the B0
ðsÞ meson,

"!dðsÞ and "mdðsÞ are the decay width and mass differ-
ences between the two B0

ðsÞ mass eigenstates, respectively,

Rðt; t0Þ is the decay time resolution (! ’ 50 fs in our case),
and the symbol & stands for convolution. Finally, "dðsÞðtÞ is
the acceptance as a function of the B0

ðsÞ decay time. Using

Eq. (6) we obtain the following expression for the time-
dependent asymmetry:

AðtÞ ¼ #½Rðt;%1Þ;Rðt;þ1Þ(

¼ ðACP þ ADÞHþðtÞ þ APð1þ ACPADÞH%ðtÞ
ð1þ ACPADÞHþðtÞ þ APðACP þ ADÞH%ðtÞ

: (9)

For illustrative purposes only, we consider the case of
perfect decay time resolution and negligible "!, retaining
only first-order terms in ACP, AP, and AD. In this case,
Eq. (9) reduces to the expression

A ðtÞ ) ACP þ AD þ AP cosð"mdðsÞtÞ; (10)

i.e., the time-dependent asymmetry has an oscillatory term
with amplitude equal to the production asymmetry AP.
By studying the full time-dependent decay rate it is then
possible to determine AP unambiguously.

In order to measure the production asymmetry AP for B0

and B0
s mesons, we perform fits to the decay time spectra of

the B candidates, separately for the events passing the two
selections. The B0 production asymmetry is determined
from the sample obtained applying the selection optimized
for the measurement of ACPðB0 ! Kþ"%Þ, whereas the B0

s

production asymmetry is determined from the sample
obtained applying the selection optimized for the measure-
ment of ACPðB0

s ! K%"þÞ. We obtain APðB0Þ ¼ ð0:1*
1:0Þ% and APðB0

sÞ ¼ ð4* 8Þ%. Figure 2 shows the raw
asymmetries as a function of the decay time, obtained
by performing fits to the invariant mass distributions of
events restricted to independent intervals of the B candi-
date decay times.

By using the values of the detection and produc-
tion asymmetries, the correction factors to the raw asym-
metries A"ðB0!Kþ"%Þ¼ð%1:12*0:23*0:30Þ% and
A"ðB0

s ! K%"þÞ ¼ ð1:09* 0:21* 0:26Þ% are obtained,
where the first uncertainties are due to the detection asym-
metry and the second to the production asymmetry.

Systematic uncertainties on the asymmetries are related
to PID calibration, modeling of the signal and background
components in the maximum likelihood fits and instrumen-
tal charge asymmetries. In order to estimate the impact
of imperfect PID calibration, we perform mass fits to
determine raw asymmetries using altered numbers of
cross-feed background events, according to the systematic

uncertainties affecting the PID efficiencies. An estimate of
the uncertainty due to possible mismodeling of the final-
state radiation is determined by varying the amount of
emitted radiation [27] in the signal shape parametrization,
according to studies performed on fully simulated events,
in which final-state radiation is generated using PHOTOS

[35]. The possibility of an incorrect description of the
signal mass model is investigated by replacing the double
Gaussian function with the sum of three Gaussian func-
tions, where the third component has fixed fraction (5%)
and width (50 MeV=c2), and is aimed at describing long
tails, as observed in simulation. To assess a systematic
uncertainty on the shape of the partially reconstructed
backgrounds, we remove the second ARGUS function.
For the modeling of the combinatorial background compo-
nent, the fit is repeated using a straight line. Finally, for the
case of the cross-feed backgrounds, two distinct systematic
uncertainties are estimated: one due to a relative bias in the
mass scale of the simulated distributions with respect to
the signal distributions in data, and another accounting for
the difference in mass resolution between simulation and

t [ps]
2 4 6 8 10 12

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05
LHCb

R
aw

 a
sy

m
m

et
ry

(a)

) [ps]sm∆/π) modulo (2
0

(t-t

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
-0.2

0

0.2

0.4

0.6 LHCb

R
aw

 a
sy

m
m

et
ry

(b)

FIG. 2 (color online). Raw asymmetries as a function of the
decay time for (a) B0 ! Kþ"% and (b) B0

s ! K%"þ decays. In
(b), the offset t0 ¼ 1:5 ps corresponds to the minimum value of
the decay time required by the B0

s ! K%"þ event selection. The
curves represent the asymmetry projections of fits to the decay
time spectra.
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Calibration Rich D*+→D(Kπ)π+ kinematically 
selected; reweighted to B(s) phase-space 

Mass PDFs: 

signal: 2Gauss + tails, comb: exponential, partial 
B→Xhhhh (feno)

Detector and production asymmetries

Only for K and B

use B±→J/ψK±, ACP(J/ψK) word average

Systematic: 

trigger asymmetries (trigger response to K, diff 
decisions) and phase-space acceptance corrections (det 
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Measurement ofCPViolation in the Phase Space ofB! ! K!!þ!# andB! ! K!KþK# Decays

R. Aaij et al.*

(LHCb Collaboration)
(Received 5 June 2013; published 3 September 2013)

The charmless decays B! ! K!!þ!# and B! ! K!KþK# are reconstructed using data, correspond-

ing to an integrated luminosity of 1:0 fb#1, collected by LHCb in 2011. The inclusive charge asymmetries of

these modes are measured as ACPðB!!K!!þ!#Þ¼0:032!0:008ðstatÞ!0:004ðsystÞ!0:007ðJ=cK!Þ
and ACPðB! ! K!KþK#Þ ¼ #0:043! 0:009 ðstatÞ ! 0:003 ðsystÞ ! 0:007ðJ=cK!Þ, where the third

uncertainty is due to the CP asymmetry of the B! ! J=cK! reference mode. The significance of

ACPðB! ! K!KþK#Þ exceeds three standard deviations and is the first evidence of an inclusive CP
asymmetry in charmless three-body B decays. In addition to the inclusive CP asymmetries, larger

asymmetries are observed in localized regions of phase space.

DOI: 10.1103/PhysRevLett.111.101801 PACS numbers: 13.25.Hw, 11.30.Er

Violation of the combined symmetry of charge conjuga-
tion and parity (CP violation) is described in the standard
model by the Cabibbo-Kobayashi-Maskawa quark-mixing
matrix [1,2]. CP violation is experimentally well estab-
lished in the K0 [3], B0 [4,5], and B! [6] systems. One
category of CP violation, known as direct CP violation,
requires two interfering amplitudes with different weak and
strong phases to be involved in the decay process [7]. Large
CP violation effects have been observed in charmless
two-body B-meson decays such as B0 ! K!!' [8,9] and
B0s ! K'!! [10]. However, the source of the strong
phase difference in these processes is not well understood,
which limits the potential to use these measurements to
search for physics beyond the standard model. One possible
source of the required strong phase is from final-state
hadron rescattering, which can occur between two or more
decay channels with the same flavor quantum numbers,
such as B! ! K!!þ!# and B! ! K!KþK# [11–14].
This effect, referred to as ‘‘compoundCP violation’’ [15] is
constrained by CPT conservation so that the sum of the
partial decay widths, for all channels with the same final-
state quantum numbers related by the S matrix, must be
equal for charge-conjugated decays.

Decays of B mesons to three-body hadronic charmless
final states provide an interesting environment to search for
CP violation through the study of its signatures in the
Dalitz plot [16]. Theoretical predictions are mostly based
on quasi-two-body decays to intermediate states, e.g.,
"0K! and K(0ð892Þ!! for B! ! K!!þ!# decays and
#K! for B! ! K!KþK# decays (see, e.g., Ref. [17]).
These intermediate states are accessible through amplitude

analyses of data, such as those performed by the Belle
and BABAR Collaborations, who reported evidence of
CP violation in the intermediate channel "0K! [18,19]
in B! ! K!!þ!# decays and more recently in the chan-
nel #K! [20] in B! ! K!KþK# decays. However, the
inclusive CP asymmetry of B! ! K!!þ!# and B! !
K!KþK# decays was found to be consistent with zero.
In this Letter, we report measurements of the inclu-

sive CP-violating asymmetries in B! ! K!!þ!# and
B! ! K!KþK# decays with unprecedented precision.
(The inclusion of charge-conjugate decay modes is implied
except in the asymmetry definitions.) We also study their
asymmetry distributions across the phase space. The CP
asymmetry in B! decays to a final state f! is defined as

ACPðB! ! f!Þ ¼ !½"ðB# ! f#Þ;"ðBþ ! fþÞ*; (1)

where !½X; Y* + ðX# YÞ=ðX þ YÞ is the asymmetry
operator, " is the decay width, and the final states are
f! ¼ K!!þ!# or f! ¼ K!KþK#.
The LHCb detector [21] is a single-arm forward spec-

trometer covering the pseudorapidity range 2< $< 5,
designed for the study of particles containing b or c quarks.
The analysis is based on pp collision data, corresponding
to an integrated luminosity of 1:0 fb#1, collected in 2011 at
a center-of-mass energy of 7 TeV.
Events are selected by a trigger [22] that consists of a

hardware stage, based on information from the calorimeter
and muon systems, followed by a software stage, which
applies a full event reconstruction. Candidate events are
first required to pass the hardware trigger, which selects
particles with large transverse energy. The software trigger
requires a two-, three-, or four-track secondary vertex with
a high sum of the transverse momenta pT of the tracks and
a significant displacement from the primary pp interaction
vertices (PVs). At least one track should have pT >
1:7 GeV=c and %2

IP with respect to any primary vertex
greater than 16, where %2

IP is defined as the difference
between the %2 of a given PV reconstructed with and

*Full author list given at the end of the article.
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without the considered track, IP is the impact parameter.
A multivariate algorithm is used for the identification of
secondary vertices consistent with the decay of a b hadron.

A set of off-line selection criteria is applied to recon-
struct B mesons and suppress the combinatorial back-
grounds. The B! decay products are required to satisfy a
set of selection criteria on their momenta, transverse mo-
menta, the !2

IP of the final-state tracks, and the distance of
closest approach between any two tracks. The B candidates
are required to have pT > 1:7 GeV=c, !2

IP < 10 (defined
by projecting the B candidate trajectory backwards from
its decay vertex) and displacement from any PV greater
than 3 mm. Additional requirements are applied to varia-
bles related to the B-meson production and decay, such
as quality of the track fits for the decay products, and the
angle between the B candidate momentum and the direc-
tion of flight from the primary vertex to the decay vertex.
Final-state kaons and pions are further selected using
particle identification information, provided by two
ring-imaging Cherenkov detectors [23]. The selection is
common to both decay channels, except the particle iden-
tification selection, which is specific to each final state.
Charm contributions are removed by excluding the regions
of !30 MeV=c2 around the D0 mass in the two-body
invariant masses m"", mK", and mKK. The contribution
of the B! ! J=cK! decay is also excluded from the
B! ! K!"þ"# sample by removing the mass region
3:05<m"" < 3:15 GeV=c2.

The simulated events used in this analysis are generated
using PYTHIA 6.4 [24] with a specific LHCb configuration
[25]. Decays of hadronic particles are produced by EVTGEN

[26], in which final-state radiation is generated using
PHOTOS [27]. The interaction of the generated particles
with the detector and its response are implemented using
the GEANT 4 toolkit [28], as described in Ref. [29].

Unbinned extended maximum likelihood fits to the mass
spectra of the selected B! candidates are performed. The
B! ! K!"þ"# and B! ! K!KþK# signal components
are parametrized by so-called Cruijff functions [30] to

account for the asymmetric effect of final-state radiation on
the signal shape. The combinatorial background is described
by an exponential function, and the background due to
partially reconstructed four-body B decays is parametrized
by an ARGUS function [31] convolved with a Gaussian
resolution function. Peaking backgrounds occur due to decay
modes with one misidentified particle and consist of the
channels B! ! KþK#"!, B! ! "þ"#"!, and B! !
#0ð$0%ÞK! for the B! ! K!"þ"# mode, and B! !
KþK#"! for the B! ! K!KþK# mode. The shapes of
the peaking backgrounds are obtained from simulation.
The peaking background yields are obtained from simulation
to be N#0K ¼ 2140! 154 (most of which lie at masses
lower than the signal), N""" ¼ 528! 58, and NKK" ¼
219! 25 for B! ! K!"þ"#, and NKK" ¼ 192! 20
for B! ! K!KþK# decays. The invariant mass spectra
of the B!!K!"þ"# and B!!K!KþK# candidates are
shown in Fig. 1.
The mass fits of the two samples are used to obtain the

signal yields NðK""Þ ¼ 35901! 327 and NðKKKÞ ¼
22119! 164, and the raw asymmetries, ArawðK""Þ ¼
0:020! 0:007 and ArawðKKKÞ ¼ #0:060! 0:007, where
the uncertainties are statistical. In order to determine the
CP asymmetries, the measured raw asymmetries are cor-
rected for effects induced by the detector acceptance and
interactions of final-state particles with matter, as well as
for a possible B-meson production asymmetry. The decay
products are regarded as a pair of charge-conjugate had-
rons hþh# ¼ "þ"#, KþK#, and a kaon with the same
charge as the B! meson. The CP asymmetry is expressed
in terms of the raw asymmetry and a correction A!,

ACP ¼ Araw # A!; A! ¼ ADðK!Þ þ APðB!Þ: (2)

Here, ADðK!Þ is the kaon detection asymmetry, given in
terms of the charge-conjugate kaon detection efficiencies
"DðK!Þ by ADðK!Þ ¼ "½"DðK#Þ; "DðKþÞ(, and APðB!Þ
is the production asymmetry, defined from the B! produc-
tion rates RðB!Þ as APðB!Þ ¼ "½RðB#Þ; RðBþÞ(.
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FIG. 1 (color online). Invariant mass spectra of (a) B! ! K!"þ"# decays and (b) B! ! K!KþK# decays. The left panel in each
figure shows the B# modes, and the right panel in each shows the Bþ modes. The results of the unbinned maximum likelihood fits are
overlaid. The main components of the fit are also shown.
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The correction term A! is measured from data using a
sample of approximately 6:3!104 B" ! J=c ð!þ!%ÞK"

decays. The B"!J=cK" sample passes the same trigger,
kinematic, and kaon particle identification selections as
the signal samples, and it has a similar event topology.
The kaons from B" ! J=cK" decay also have similar
kinematics in the laboratory frame to those from the B" !
K""þ"% and B" ! K"KþK% modes. The correction is
obtained from the raw asymmetry of the B" ! J=cK"

mode as

A! ¼ ArawðJ=cKÞ % ACPðJ=cKÞ; (3)

using the world average of the CP asymmetry
ACPðJ=cKÞ ¼ ð0:1" 0:7Þ% [32]. The CP asymmetries
of the B" ! K""þ"% and B" ! K"KþK% channels
are then determined using Eqs. (2) and (3).

Since the detector efficiencies for the signal modes are
not flat in the corners of the Dalitz plot and the raw
asymmetries are also not uniformly distributed, an accep-
tance correction is applied to the integrated raw asymme-
tries. It is determined by the ratio between the B% and Bþ

average efficiencies in simulated events, reweighted to
reproduce the population in the Dalitz plot of signal data.
Furthermore, the detector acceptance and reconstruction
efficiency depend on the trigger selection. The efficiency
of the hadronic hardware trigger is found from calibration
data to have a small charge asymmetry for final-state
kaons. Therefore, the data are divided into two samples
with respect to the hadronic hardware trigger decision:
events with candidates selected by the hadronic trigger
and events selected by other triggers independently of the
signal candidate. In order to apply Eq. (3) to B" !
K"KþK% events selected by the hadronic hardware trig-
ger, the difference in trigger efficiencies caused by the
presence of three kaons compared to one kaon is taken
into account. The acceptance correction and subtraction of
A! are performed separately for each trigger configuration.
The trigger-averaged value of the asymmetry correction
is A! ¼ %0:014" 0:04, which is consistent with other
LHCb analyses [6,33,34]. The integrated CP asymmetries
are then the weighted averages of the CP asymmetries for
the two trigger samples.

The systematic uncertainties on the asymmetries are
related to the mass fit models, possible trigger asymmetry,
and phase-space acceptance correction. In order to esti-
mate the uncertainty due to the choice of the signal mass
shape, the initial model is replaced with the sum of a
Gaussian and a crystal ball function [35]. The uncertainty
associated with the combinatorial background model is
estimated by repeating the fit with a first-order polynomial.
We evaluate three uncertainties related to the peaking
backgrounds: one due to the uncertainty on their yields,
another due to the difference in mass resolution between
simulation and data, and a third due to their possible non-
zero asymmetries. The deviations from the nominal results

are accounted for as systematic uncertainties. The system-
atic uncertainties related to the possible asymmetry
induced by the trigger selection are of two kinds: one
due to an asymmetric response of the hadronic hardware
trigger to kaons and a second due to the choice of sample
division by trigger decision. The former is evaluated by
reweighting the B" ! J=cK" mode with the charge-
separated kaon efficiencies from calibration data. The
latter is determined by varying the trigger composition of
the samples in order to estimate the systematic differences
in trigger admixture between the signal channels and
the B" ! J=cK" mode. Two distinct uncertainties are
attributed to the phase-space acceptance corrections: one is
obtained from the uncertainty on the detection efficiency
given by the simulation, and the other, due to the choice of
binning, is evaluated by varying the binning of the accep-
tance map. The systematic uncertainties for the measure-
ments of ACPðB"!K""þ"%Þ and ACPðB"!K"KþK%Þ
are summarized in Table I.
The results obtained for the inclusiveCP asymmetries of

the B" ! K""þ"% and B" ! K"KþK% decays are

ACPðB" !K""þ"%Þ¼ 0:032"0:008"0:004"0:007;

ACPðB" !K"KþK%Þ¼%0:043"0:009"0:003"0:007;

where the first uncertainty is statistical, the second is the
experimental systematic, and the third is due to the CP
asymmetry of the B" ! J=cK" reference mode [32].
The significances of the inclusive charge asymmetries,
calculated by dividing the central values by the sum in
quadrature of the statistical and both systematic uncertain-
ties, are 2.8 standard deviations (#) for B" ! K""þ"%

and 3:7# for B" ! K"KþK% decays.
In addition to the inclusive charge asymmetries, we also

study the asymmetry distributions in the two-dimensional
phase space of two-body invariant masses. The
background-subtracted Dalitz plot distributions of the
signal region, defined as the mass region within three
Gaussian widths from the signal peak, are divided into
bins with equal numbers of events in the combined B%

and Bþ samples. The background under the signal is
estimated from the sideband distributions. A raw asymme-
try variable AN

raw ¼ "½NðB%Þ; NðBþÞ) is computed from

TABLE I. Systematic uncertainties on ACPðK""þ"%Þ and
ACPðK"KþK%Þ. The total systematic uncertainties are the sum
in quadrature of the individual contributions.

Systematic uncertainty ACPðK""Þ ACPðKKKÞ
Signal model 0.0010 0.0002
Combinatorial background 0.0006 <0:0001
Peaking background 0.0007 0.0001
Trigger asymmetry 0.0036 0.0019
Acceptance correction 0.0012 0.0019
Total 0.0040 0.0027
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without the considered track, IP is the impact parameter.
A multivariate algorithm is used for the identification of
secondary vertices consistent with the decay of a b hadron.

A set of off-line selection criteria is applied to recon-
struct B mesons and suppress the combinatorial back-
grounds. The B! decay products are required to satisfy a
set of selection criteria on their momenta, transverse mo-
menta, the !2

IP of the final-state tracks, and the distance of
closest approach between any two tracks. The B candidates
are required to have pT > 1:7 GeV=c, !2

IP < 10 (defined
by projecting the B candidate trajectory backwards from
its decay vertex) and displacement from any PV greater
than 3 mm. Additional requirements are applied to varia-
bles related to the B-meson production and decay, such
as quality of the track fits for the decay products, and the
angle between the B candidate momentum and the direc-
tion of flight from the primary vertex to the decay vertex.
Final-state kaons and pions are further selected using
particle identification information, provided by two
ring-imaging Cherenkov detectors [23]. The selection is
common to both decay channels, except the particle iden-
tification selection, which is specific to each final state.
Charm contributions are removed by excluding the regions
of !30 MeV=c2 around the D0 mass in the two-body
invariant masses m"", mK", and mKK. The contribution
of the B! ! J=cK! decay is also excluded from the
B! ! K!"þ"# sample by removing the mass region
3:05<m"" < 3:15 GeV=c2.

The simulated events used in this analysis are generated
using PYTHIA 6.4 [24] with a specific LHCb configuration
[25]. Decays of hadronic particles are produced by EVTGEN

[26], in which final-state radiation is generated using
PHOTOS [27]. The interaction of the generated particles
with the detector and its response are implemented using
the GEANT 4 toolkit [28], as described in Ref. [29].

Unbinned extended maximum likelihood fits to the mass
spectra of the selected B! candidates are performed. The
B! ! K!"þ"# and B! ! K!KþK# signal components
are parametrized by so-called Cruijff functions [30] to

account for the asymmetric effect of final-state radiation on
the signal shape. The combinatorial background is described
by an exponential function, and the background due to
partially reconstructed four-body B decays is parametrized
by an ARGUS function [31] convolved with a Gaussian
resolution function. Peaking backgrounds occur due to decay
modes with one misidentified particle and consist of the
channels B! ! KþK#"!, B! ! "þ"#"!, and B! !
#0ð$0%ÞK! for the B! ! K!"þ"# mode, and B! !
KþK#"! for the B! ! K!KþK# mode. The shapes of
the peaking backgrounds are obtained from simulation.
The peaking background yields are obtained from simulation
to be N#0K ¼ 2140! 154 (most of which lie at masses
lower than the signal), N""" ¼ 528! 58, and NKK" ¼
219! 25 for B! ! K!"þ"#, and NKK" ¼ 192! 20
for B! ! K!KþK# decays. The invariant mass spectra
of the B!!K!"þ"# and B!!K!KþK# candidates are
shown in Fig. 1.
The mass fits of the two samples are used to obtain the

signal yields NðK""Þ ¼ 35901! 327 and NðKKKÞ ¼
22119! 164, and the raw asymmetries, ArawðK""Þ ¼
0:020! 0:007 and ArawðKKKÞ ¼ #0:060! 0:007, where
the uncertainties are statistical. In order to determine the
CP asymmetries, the measured raw asymmetries are cor-
rected for effects induced by the detector acceptance and
interactions of final-state particles with matter, as well as
for a possible B-meson production asymmetry. The decay
products are regarded as a pair of charge-conjugate had-
rons hþh# ¼ "þ"#, KþK#, and a kaon with the same
charge as the B! meson. The CP asymmetry is expressed
in terms of the raw asymmetry and a correction A!,

ACP ¼ Araw # A!; A! ¼ ADðK!Þ þ APðB!Þ: (2)

Here, ADðK!Þ is the kaon detection asymmetry, given in
terms of the charge-conjugate kaon detection efficiencies
"DðK!Þ by ADðK!Þ ¼ "½"DðK#Þ; "DðKþÞ(, and APðB!Þ
is the production asymmetry, defined from the B! produc-
tion rates RðB!Þ as APðB!Þ ¼ "½RðB#Þ; RðBþÞ(.
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FIG. 1 (color online). Invariant mass spectra of (a) B! ! K!"þ"# decays and (b) B! ! K!KþK# decays. The left panel in each
figure shows the B# modes, and the right panel in each shows the Bþ modes. The results of the unbinned maximum likelihood fits are
overlaid. The main components of the fit are also shown.
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without the considered track, IP is the impact parameter.
A multivariate algorithm is used for the identification of
secondary vertices consistent with the decay of a b hadron.

A set of off-line selection criteria is applied to recon-
struct B mesons and suppress the combinatorial back-
grounds. The B! decay products are required to satisfy a
set of selection criteria on their momenta, transverse mo-
menta, the !2

IP of the final-state tracks, and the distance of
closest approach between any two tracks. The B candidates
are required to have pT > 1:7 GeV=c, !2

IP < 10 (defined
by projecting the B candidate trajectory backwards from
its decay vertex) and displacement from any PV greater
than 3 mm. Additional requirements are applied to varia-
bles related to the B-meson production and decay, such
as quality of the track fits for the decay products, and the
angle between the B candidate momentum and the direc-
tion of flight from the primary vertex to the decay vertex.
Final-state kaons and pions are further selected using
particle identification information, provided by two
ring-imaging Cherenkov detectors [23]. The selection is
common to both decay channels, except the particle iden-
tification selection, which is specific to each final state.
Charm contributions are removed by excluding the regions
of !30 MeV=c2 around the D0 mass in the two-body
invariant masses m"", mK", and mKK. The contribution
of the B! ! J=cK! decay is also excluded from the
B! ! K!"þ"# sample by removing the mass region
3:05<m"" < 3:15 GeV=c2.

The simulated events used in this analysis are generated
using PYTHIA 6.4 [24] with a specific LHCb configuration
[25]. Decays of hadronic particles are produced by EVTGEN

[26], in which final-state radiation is generated using
PHOTOS [27]. The interaction of the generated particles
with the detector and its response are implemented using
the GEANT 4 toolkit [28], as described in Ref. [29].

Unbinned extended maximum likelihood fits to the mass
spectra of the selected B! candidates are performed. The
B! ! K!"þ"# and B! ! K!KþK# signal components
are parametrized by so-called Cruijff functions [30] to

account for the asymmetric effect of final-state radiation on
the signal shape. The combinatorial background is described
by an exponential function, and the background due to
partially reconstructed four-body B decays is parametrized
by an ARGUS function [31] convolved with a Gaussian
resolution function. Peaking backgrounds occur due to decay
modes with one misidentified particle and consist of the
channels B! ! KþK#"!, B! ! "þ"#"!, and B! !
#0ð$0%ÞK! for the B! ! K!"þ"# mode, and B! !
KþK#"! for the B! ! K!KþK# mode. The shapes of
the peaking backgrounds are obtained from simulation.
The peaking background yields are obtained from simulation
to be N#0K ¼ 2140! 154 (most of which lie at masses
lower than the signal), N""" ¼ 528! 58, and NKK" ¼
219! 25 for B! ! K!"þ"#, and NKK" ¼ 192! 20
for B! ! K!KþK# decays. The invariant mass spectra
of the B!!K!"þ"# and B!!K!KþK# candidates are
shown in Fig. 1.
The mass fits of the two samples are used to obtain the

signal yields NðK""Þ ¼ 35901! 327 and NðKKKÞ ¼
22119! 164, and the raw asymmetries, ArawðK""Þ ¼
0:020! 0:007 and ArawðKKKÞ ¼ #0:060! 0:007, where
the uncertainties are statistical. In order to determine the
CP asymmetries, the measured raw asymmetries are cor-
rected for effects induced by the detector acceptance and
interactions of final-state particles with matter, as well as
for a possible B-meson production asymmetry. The decay
products are regarded as a pair of charge-conjugate had-
rons hþh# ¼ "þ"#, KþK#, and a kaon with the same
charge as the B! meson. The CP asymmetry is expressed
in terms of the raw asymmetry and a correction A!,

ACP ¼ Araw # A!; A! ¼ ADðK!Þ þ APðB!Þ: (2)

Here, ADðK!Þ is the kaon detection asymmetry, given in
terms of the charge-conjugate kaon detection efficiencies
"DðK!Þ by ADðK!Þ ¼ "½"DðK#Þ; "DðKþÞ(, and APðB!Þ
is the production asymmetry, defined from the B! produc-
tion rates RðB!Þ as APðB!Þ ¼ "½RðB#Þ; RðBþÞ(.
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FIG. 1 (color online). Invariant mass spectra of (a) B! ! K!"þ"# decays and (b) B! ! K!KþK# decays. The left panel in each
figure shows the B# modes, and the right panel in each shows the Bþ modes. The results of the unbinned maximum likelihood fits are
overlaid. The main components of the fit are also shown.
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the number NðB"Þ of negative and positive entries in each
bin of the background-subtracted Dalitz plots.

The distributions of the AN
raw variable in the Dalitz plots

of B" ! K"!þ!% and B" ! K"KþK% are shown in
Fig. 2, where the B" ! K"KþK% Dalitz plot is symme-
trized and its two-body invariant mass squared variables
are defined asm2

KþK% low<m2
KþK%high. For B

"!K"!þ!%,

we identify a positive asymmetry located in the low !þ!%

invariant mass region, around the "ð770Þ0 resonance, as
seen by Belle [18] and BABAR [19], and above the f0ð980Þ
resonance. This can also be seen in the inset figure of the
!þ!% invariant mass projection, where there is an excess
of B% candidates. No significant asymmetry is present in
the low-mass region of the K"!& invariant mass projec-
tion. The AN

raw distribution of the B" ! K"KþK% mode
reveals an asymmetry concentrated at low values of
m2

KþK% low and m2
KþK% high in the Dalitz plot. The distribu-

tion of the projection of the number of events onto the
m2

KþK% low invariant mass (inset in the right plot of Fig. 2)

shows that this asymmetry is not related to the
#ð1020Þ resonance but is instead located in the region
1:2<m2

KþK% low < 2:0 GeV2=c4.
The CP asymmetry in each of the channels is further

studied in the region where the raw asymmetry is observed
to be large. The B" ! K"KþK% region m2

KþK% high <

15 GeV2=c4 and 1:2<m2
KþK% low<2:0GeV2=c4 is defined

such that the #ð1020Þ resonance is excluded. For the
B" ! K"!þ!% mode, we measure the CP asymmetry
of the region m2

K"!& < 15 GeV2=c4 and 0:08<m2
!þ!% <

0:66 GeV2=c4, which spans the lowest !þ!% masses,
including the "ð770Þ0 resonance. Unbinned extended maxi-
mum likelihood fits are performed to the mass spectra of the
candidates in the two regions, using the same models as the
global fits. The spectra are shown in Fig. 3. The resulting
signal yields and raw asymmetries for the two regions
are NregðK!!Þ ¼ 552" 47 and Areg

rawðK!!Þ ¼ 0:687"
0:078 for the B" ! K"!þ!% mode, and NregðKKKÞ ¼
2581" 55 and Areg

rawðKKKÞ ¼ %0:239" 0:020 for the
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FIG. 2 (color online). Asymmetries of the number of signal events in bins of the Dalitz plot AN
raw for (a) B" ! K"!þ!% and

(b) B" ! K"KþK% decays. The inset figures show the projections of the number of background-subtracted events in bins of (left) the
m2

!þ!% variable for m2
K"!& < 15 GeV2=c4 and (right) the m2

KþK% low
variable for m2

KþK% high
< 15 GeV2=c4. The distributions are not

corrected for acceptance.
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the number NðB"Þ of negative and positive entries in each
bin of the background-subtracted Dalitz plots.

The distributions of the AN
raw variable in the Dalitz plots

of B" ! K"!þ!% and B" ! K"KþK% are shown in
Fig. 2, where the B" ! K"KþK% Dalitz plot is symme-
trized and its two-body invariant mass squared variables
are defined asm2

KþK% low<m2
KþK%high. For B

"!K"!þ!%,

we identify a positive asymmetry located in the low !þ!%

invariant mass region, around the "ð770Þ0 resonance, as
seen by Belle [18] and BABAR [19], and above the f0ð980Þ
resonance. This can also be seen in the inset figure of the
!þ!% invariant mass projection, where there is an excess
of B% candidates. No significant asymmetry is present in
the low-mass region of the K"!& invariant mass projec-
tion. The AN

raw distribution of the B" ! K"KþK% mode
reveals an asymmetry concentrated at low values of
m2

KþK% low and m2
KþK% high in the Dalitz plot. The distribu-

tion of the projection of the number of events onto the
m2

KþK% low invariant mass (inset in the right plot of Fig. 2)

shows that this asymmetry is not related to the
#ð1020Þ resonance but is instead located in the region
1:2<m2

KþK% low < 2:0 GeV2=c4.
The CP asymmetry in each of the channels is further

studied in the region where the raw asymmetry is observed
to be large. The B" ! K"KþK% region m2

KþK% high <

15 GeV2=c4 and 1:2<m2
KþK% low<2:0GeV2=c4 is defined

such that the #ð1020Þ resonance is excluded. For the
B" ! K"!þ!% mode, we measure the CP asymmetry
of the region m2

K"!& < 15 GeV2=c4 and 0:08<m2
!þ!% <

0:66 GeV2=c4, which spans the lowest !þ!% masses,
including the "ð770Þ0 resonance. Unbinned extended maxi-
mum likelihood fits are performed to the mass spectra of the
candidates in the two regions, using the same models as the
global fits. The spectra are shown in Fig. 3. The resulting
signal yields and raw asymmetries for the two regions
are NregðK!!Þ ¼ 552" 47 and Areg

rawðK!!Þ ¼ 0:687"
0:078 for the B" ! K"!þ!% mode, and NregðKKKÞ ¼
2581" 55 and Areg

rawðKKKÞ ¼ %0:239" 0:020 for the
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FIG. 2 (color online). Asymmetries of the number of signal events in bins of the Dalitz plot AN
raw for (a) B" ! K"!þ!% and

(b) B" ! K"KþK% decays. The inset figures show the projections of the number of background-subtracted events in bins of (left) the
m2

!þ!% variable for m2
K"!& < 15 GeV2=c4 and (right) the m2

KþK% low
variable for m2

KþK% high
< 15 GeV2=c4. The distributions are not

corrected for acceptance.
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FIG. 3 (color online). Invariant mass spectra of (a) B" ! K"!þ!% decays in the region 0:08<m2
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K"!& < 15 GeV2=c4, and (b) B" ! K"KþK% decays in the region 1:2<m2

KþK% low < 2:0 GeV2=c4 andm2
KþK% high < 15 GeV2=c4.

The left panel in each figure shows the B% modes, and the right panels show the Bþ modes. The results of the unbinned maximum
likelihood fits are overlaid.
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2.8σ
3.7σ

B- B+

The correction term A! is measured from data using a
sample of approximately 6:3!104 B" ! J=c ð!þ!%ÞK"

decays. The B"!J=cK" sample passes the same trigger,
kinematic, and kaon particle identification selections as
the signal samples, and it has a similar event topology.
The kaons from B" ! J=cK" decay also have similar
kinematics in the laboratory frame to those from the B" !
K""þ"% and B" ! K"KþK% modes. The correction is
obtained from the raw asymmetry of the B" ! J=cK"

mode as

A! ¼ ArawðJ=cKÞ % ACPðJ=cKÞ; (3)

using the world average of the CP asymmetry
ACPðJ=cKÞ ¼ ð0:1" 0:7Þ% [32]. The CP asymmetries
of the B" ! K""þ"% and B" ! K"KþK% channels
are then determined using Eqs. (2) and (3).

Since the detector efficiencies for the signal modes are
not flat in the corners of the Dalitz plot and the raw
asymmetries are also not uniformly distributed, an accep-
tance correction is applied to the integrated raw asymme-
tries. It is determined by the ratio between the B% and Bþ

average efficiencies in simulated events, reweighted to
reproduce the population in the Dalitz plot of signal data.
Furthermore, the detector acceptance and reconstruction
efficiency depend on the trigger selection. The efficiency
of the hadronic hardware trigger is found from calibration
data to have a small charge asymmetry for final-state
kaons. Therefore, the data are divided into two samples
with respect to the hadronic hardware trigger decision:
events with candidates selected by the hadronic trigger
and events selected by other triggers independently of the
signal candidate. In order to apply Eq. (3) to B" !
K"KþK% events selected by the hadronic hardware trig-
ger, the difference in trigger efficiencies caused by the
presence of three kaons compared to one kaon is taken
into account. The acceptance correction and subtraction of
A! are performed separately for each trigger configuration.
The trigger-averaged value of the asymmetry correction
is A! ¼ %0:014" 0:04, which is consistent with other
LHCb analyses [6,33,34]. The integrated CP asymmetries
are then the weighted averages of the CP asymmetries for
the two trigger samples.

The systematic uncertainties on the asymmetries are
related to the mass fit models, possible trigger asymmetry,
and phase-space acceptance correction. In order to esti-
mate the uncertainty due to the choice of the signal mass
shape, the initial model is replaced with the sum of a
Gaussian and a crystal ball function [35]. The uncertainty
associated with the combinatorial background model is
estimated by repeating the fit with a first-order polynomial.
We evaluate three uncertainties related to the peaking
backgrounds: one due to the uncertainty on their yields,
another due to the difference in mass resolution between
simulation and data, and a third due to their possible non-
zero asymmetries. The deviations from the nominal results

are accounted for as systematic uncertainties. The system-
atic uncertainties related to the possible asymmetry
induced by the trigger selection are of two kinds: one
due to an asymmetric response of the hadronic hardware
trigger to kaons and a second due to the choice of sample
division by trigger decision. The former is evaluated by
reweighting the B" ! J=cK" mode with the charge-
separated kaon efficiencies from calibration data. The
latter is determined by varying the trigger composition of
the samples in order to estimate the systematic differences
in trigger admixture between the signal channels and
the B" ! J=cK" mode. Two distinct uncertainties are
attributed to the phase-space acceptance corrections: one is
obtained from the uncertainty on the detection efficiency
given by the simulation, and the other, due to the choice of
binning, is evaluated by varying the binning of the accep-
tance map. The systematic uncertainties for the measure-
ments of ACPðB"!K""þ"%Þ and ACPðB"!K"KþK%Þ
are summarized in Table I.
The results obtained for the inclusiveCP asymmetries of

the B" ! K""þ"% and B" ! K"KþK% decays are

ACPðB" !K""þ"%Þ¼ 0:032"0:008"0:004"0:007;

ACPðB" !K"KþK%Þ¼%0:043"0:009"0:003"0:007;

where the first uncertainty is statistical, the second is the
experimental systematic, and the third is due to the CP
asymmetry of the B" ! J=cK" reference mode [32].
The significances of the inclusive charge asymmetries,
calculated by dividing the central values by the sum in
quadrature of the statistical and both systematic uncertain-
ties, are 2.8 standard deviations (#) for B" ! K""þ"%

and 3:7# for B" ! K"KþK% decays.
In addition to the inclusive charge asymmetries, we also

study the asymmetry distributions in the two-dimensional
phase space of two-body invariant masses. The
background-subtracted Dalitz plot distributions of the
signal region, defined as the mass region within three
Gaussian widths from the signal peak, are divided into
bins with equal numbers of events in the combined B%

and Bþ samples. The background under the signal is
estimated from the sideband distributions. A raw asymme-
try variable AN

raw ¼ "½NðB%Þ; NðBþÞ) is computed from

TABLE I. Systematic uncertainties on ACPðK""þ"%Þ and
ACPðK"KþK%Þ. The total systematic uncertainties are the sum
in quadrature of the individual contributions.

Systematic uncertainty ACPðK""Þ ACPðKKKÞ
Signal model 0.0010 0.0002
Combinatorial background 0.0006 <0:0001
Peaking background 0.0007 0.0001
Trigger asymmetry 0.0036 0.0019
Acceptance correction 0.0012 0.0019
Total 0.0040 0.0027
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An analysis of B± → D K ± and B± → Dπ± decays is presented where the D meson is reconstructed
in the two-body final states: K ±π∓, K + K − and π+π−. Using 1.0 fb−1 of

√
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measurements of several observables are made including the first observation of the suppressed mode
B± → [π± K ∓]D K ±. CP violation in B± → D K ± decays is observed with 5.8σ significance.
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1. Introduction

A fundamental feature of the Standard Model and its three
quark generations is that all CP violation phenomena are the re-
sult of a single phase in the CKM quark-mixing matrix [1]. The
validity of the theory may be tested in several ways, and one —
verifying the unitarity condition V ud V ∗

ub + V cd V ∗
cb + Vtd V ∗

tb = 0 —
is readily applicable to B mesons. This condition describes a trian-
gle in the complex plane whose area is proportional to the amount
of CP violation in the theory [2]. Following the observation of CP
violation in the B0 system [3], the focus has turned to testing the
unitarity of the theory by over-constraining the sides and angles of
this triangle. Most related measurements involve loop or box di-
agrams, and for which the CKM mechanism is typically assumed
when interpreting data [4]. This means the least-well determined
observable, the phase γ = arg(−V ud V ∗

ub/V cd V ∗
cb) is of particular

interest as γ &= 0 can produce direct CP violation in tree decays.
Some of the most powerful methods for determining γ are

measurements of the partial widths of B± → D K ± decays where
the D signifies a D0 or D̄0 meson. In this case, the amplitude
for the B− → D0 K − contribution is proportional to V cb whilst the
B− → D̄0 K − amplitude depends on V ub . If the D final state is ac-
cessible for both D0 and D̄0 mesons, the interference of these two
processes gives sensitivity to γ and may exhibit direct CP viola-
tion. This feature of open-charm B− decays was first recognised in
its application to CP eigenstates, such as D → K +K − , π+π− [5]
but can be extended to other decays, e.g. D → π−K + . This sec-
ond category, labelled “ADS” modes in reference to the authors
of [6], requires the favoured, b → c decay to be followed by a dou-
bly Cabibbo-suppressed D decay, and the suppressed b → u decay
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to precede a favoured D decay. The amplitudes of such combina-
tions are of similar total magnitude and hence large interference
can occur. For both the CP-mode and ADS methods, the interesting
observables are partial widths and CP asymmetries.

In this Letter, we present measurements of the B± decays
in the CP modes, [K +K −]Dh± and [π+π−]Dh± , the suppressed
ADS mode [π±K ∓]Dh± and the favoured [K ±π∓]Dh± combina-
tion where h indicates either pion or kaon. Decays where the
bachelor — the charged hadron from the B− decay — is a kaon
carry greater sensitivity to γ . B− → Dπ− decays have some lim-
ited sensitivity and provide a high-statistics control sample from
which probability density functions (PDFs) are shaped. In total, 13
observables are measured: three ratios of partial widths

R f
K/π = Γ (B− → [ f ]D K −) + Γ (B+ → [ f ]D K +)

Γ (B− → [ f ]Dπ−) + Γ (B+ → [ f ]Dπ+)
, (1)

where f represents K K , ππ and the favoured Kπ mode, six CP
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A f
h = Γ (B− → [ f ]Dh−) − Γ (B+ → [ f ]Dh+)

Γ (B− → [ f ]Dh−) + Γ (B+ → [ f ]Dh+)
, (2)

and four charge-separated partial widths of the ADS mode relative
to the favoured mode

R±
h = Γ (B± → [π±K ∓]Dh±)

Γ (B± → [K ±π∓]Dh±)
. (3)

Elsewhere, similar analyses have established the B± → DCPh±

modes [7–9] and found evidence of the B± → [π±K ∓]D K ± de-
cay [10–12]. Analyses of B± → [K 0

S π+π−]D K ± decays [13,14]
have yielded the most precise measurements of γ though a 5σ
observation of CP violation from a single analysis has not been
achieved. This work represents the first simultaneous analysis of
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validity of the theory may be tested in several ways, and one —
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cb + Vtd V ∗

tb = 0 —
is readily applicable to B mesons. This condition describes a trian-
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of CP violation in the theory [2]. Following the observation of CP
violation in the B0 system [3], the focus has turned to testing the
unitarity of the theory by over-constraining the sides and angles of
this triangle. Most related measurements involve loop or box di-
agrams, and for which the CKM mechanism is typically assumed
when interpreting data [4]. This means the least-well determined
observable, the phase γ = arg(−V ud V ∗

ub/V cd V ∗
cb) is of particular

interest as γ &= 0 can produce direct CP violation in tree decays.
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for the B− → D0 K − contribution is proportional to V cb whilst the
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agrams, and for which the CKM mechanism is typically assumed
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cb) is of particular

interest as γ &= 0 can produce direct CP violation in tree decays.
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the D signifies a D0 or D̄0 meson. In this case, the amplitude
for the B− → D0 K − contribution is proportional to V cb whilst the
B− → D̄0 K − amplitude depends on V ub . If the D final state is ac-
cessible for both D0 and D̄0 mesons, the interference of these two
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its application to CP eigenstates, such as D → K +K − , π+π− [5]
but can be extended to other decays, e.g. D → π−K + . This sec-
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of [6], requires the favoured, b → c decay to be followed by a dou-
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to precede a favoured D decay. The amplitudes of such combina-
tions are of similar total magnitude and hence large interference
can occur. For both the CP-mode and ADS methods, the interesting
observables are partial widths and CP asymmetries.

In this Letter, we present measurements of the B± decays
in the CP modes, [K +K −]Dh± and [π+π−]Dh± , the suppressed
ADS mode [π±K ∓]Dh± and the favoured [K ±π∓]Dh± combina-
tion where h indicates either pion or kaon. Decays where the
bachelor — the charged hadron from the B− decay — is a kaon
carry greater sensitivity to γ . B− → Dπ− decays have some lim-
ited sensitivity and provide a high-statistics control sample from
which probability density functions (PDFs) are shaped. In total, 13
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Elsewhere, similar analyses have established the B± → DCPh±

modes [7–9] and found evidence of the B± → [π±K ∓]D K ± de-
cay [10–12]. Analyses of B± → [K 0
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and four charge-separated partial widths of the suppressed ADS mode relative to the favoured mode

R K 3π ,±
h ≡ Γ (B± → [π±K ∓π+π−]Dh±)

Γ (B± → [K ±π∓π+π−]Dh±)
. (3)

The observables R K 3π ,±
h carry the highest sensitivity to γ , rh

B and δh
B . They are related by the expression [10,11]

R K 3π ,±
h =

(
rh

B

)2 +
(
rK 3π

D

)2 + 2rh
BrK 3π

D κ K 3π
D cos

(
δh

B + δK 3π
D ± γ

)
. (4)

Here rK 3π
D is the ratio of the magnitudes of the doubly Cabibbo-suppressed and Cabibbo-favoured D decay amplitudes, and δK 3π

D is
the strong-phase difference between the amplitudes, averaged over the final-state phase space. The coherence factor κ K 3π

D accounts
for possible dilution effects in the interference arising from the contribution of several intermediate resonances in the D decay [11].
Information on these D decay parameters is available from external sources. Branching ratio measurements indicate that rK 3π

D ∼ 0.06 [12].
Studies of quantum-correlated D D pairs, performed at CLEO-c, yield δK 3π

D = (114 +26
−23)

◦ and κ K 3π
D = 0.33+0.20

−0.23 [13].1 The relatively low

value of the coherence factor limits the sensitivity of R K 3π ,±
h to γ and δh

B , but does not hinder this observable in providing information
on rh

B . Improved knowledge of rh
B is valuable in providing a constraint which other B± → Dh± analyses can benefit from.

2. The LHCb detector and the analysis sample

This analysis uses data, corresponding to an integrated luminosity of 1.0 fb−1, collected by LHCb in 2011 at
√

s = 7 TeV. The LHCb
experiment [14] takes advantage of the high bb̄ and cc̄ production cross sections at the Large Hadron Collider to record large samples of
heavy-hadron decays. It instruments the pseudorapidity range 2 < η < 5 of the proton–proton (pp) collisions with a dipole magnet and
a tracking system that achieves a momentum resolution of 0.4–0.6% in the range 5–100 GeV/c. The dipole magnet can be operated in
either polarity and this feature is used to reduce systematic effects due to detector asymmetries. In 2011, 58% of the data were taken with
one polarity, 42% with the other. The pp collisions take place inside a silicon microstrip vertex detector that provides clear separation of
secondary B± vertices from the primary collision vertex (PV) as well as discrimination for tertiary D vertices. Two ring-imaging Cherenkov
(RICH) detectors [15] with three radiators (aerogel, C4F10 and CF4) provide dedicated particle identification (PID), which is critical for the
separation of B± → D K ± and B± → Dπ± decays.

A two-stage trigger is employed. First, a hardware-based decision is taken at a rate of up to 40 MHz. It accepts high transverse energy
clusters in either an electromagnetic or hadron calorimeter, or a muon of high momentum transverse to the beam line (pT). For this
analysis, it is required that either one of the five tracks forming the B± candidate points at a cluster in the hadron calorimeter, or that the
hardware-trigger decision was taken independently of any of these tracks. A subsequent trigger level, implemented entirely in software,
receives events at a rate of 1 MHz and retains ∼ 0.3% of them. At least one track should have pT > 1.7 GeV/c and impact parameter
(IP) χ2 with respect to the PV greater than 16. The IP χ2 is defined as the difference between the χ2 of the PV reconstructed with and
without the considered track. In order to maximise efficiency at an acceptable trigger rate, a displaced vertex is selected with a decision
tree algorithm that uses flight distance as well as fit quality, pT and information on the IP with respect to the PV of the tracks. More
information can be found in Ref. [16]. Full event reconstruction occurs offline, and a loose selection is run to reduce the size of the sample
prior to final analysis. This selection consists of a decision tree algorithm similar to that used in the trigger, but in this case the entire
decay chain is fully reconstructed and the selection benefits from the improved quality of the offline reconstruction.

Approximately one million simulated signal events are used in the analysis as well as a sample of ∼ 108 generic Bq → D X decays,
where q ∈ {u,d, s}. These samples are generated using Pythia 6.4 [17] configured with parameters detailed in Ref. [18]. The EvtGen
package [19] is used to generate hadronic decays, in which final-state radiation is generated using the Photos package [20]. The interaction
of the generated particles with the LHCb detector is simulated using the Geant4 toolkit [21] as described in Ref. [22].

3. Candidate selection and background rejection

The reconstruction considers all B± → Dh± channels of interest. The reconstructed D candidate mass is required to be within
±25 MeV/c2 (≈ 3.5σ ) of its nominal value [12]. The D daughter tracks are required to have pT > 0.25 GeV/c, while the bachelor track
is required to satisfy 0.5 < pT < 10 GeV/c and 5 < p < 100 GeV/c. The tighter requirements on the bachelor track ensure that it resides
within the kinematic coverage of the PID calibration samples acquired through the decay mode D∗ + → D0π+ , D0 → K −π+ . Details of
the PID calibration procedure are given in Section 4. Furthermore, a kinematic fit is performed to each decay chain [23] constraining both
the B± and D vertices to points in 3D space, while simultaneously constraining the D candidate to its nominal mass. This fit results in
a B± mass resolution of 15 MeV/c2, a 10% improvement with respect to the value prior to the fit. Candidates are retained that have an
invariant mass in the interval 5120–5750 MeV/c2.

A boosted decision tree (BDT) discriminator [24], implementing the GradientBoost algorithm [25], is employed to achieve further back-
ground suppression. The BDT is trained using the simulated B± → Dh± events together with a pure sample of combinatoric background
candidates taken from a subset of the data in the invariant mass range 5500–5800 MeV/c2. The BDT considers a variety of properties
associated with each signal candidate. These properties can be divided into two categories: (i) quantities common to both the tracks and
to the D and B± candidates, (ii) quantities associated with only the D and B± candidates. Specifically, the properties considered in each
case are as follows:

(i) p, pT and IP χ2;

1 The phase δK 3π
D is given in the convention where CP|D0〉 = |D0〉.
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and four charge-separated partial widths of the suppressed ADS mode relative to the favoured mode
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. (3)
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either polarity and this feature is used to reduce systematic effects due to detector asymmetries. In 2011, 58% of the data were taken with
one polarity, 42% with the other. The pp collisions take place inside a silicon microstrip vertex detector that provides clear separation of
secondary B± vertices from the primary collision vertex (PV) as well as discrimination for tertiary D vertices. Two ring-imaging Cherenkov
(RICH) detectors [15] with three radiators (aerogel, C4F10 and CF4) provide dedicated particle identification (PID), which is critical for the
separation of B± → D K ± and B± → Dπ± decays.

A two-stage trigger is employed. First, a hardware-based decision is taken at a rate of up to 40 MHz. It accepts high transverse energy
clusters in either an electromagnetic or hadron calorimeter, or a muon of high momentum transverse to the beam line (pT). For this
analysis, it is required that either one of the five tracks forming the B± candidate points at a cluster in the hadron calorimeter, or that the
hardware-trigger decision was taken independently of any of these tracks. A subsequent trigger level, implemented entirely in software,
receives events at a rate of 1 MHz and retains ∼ 0.3% of them. At least one track should have pT > 1.7 GeV/c and impact parameter
(IP) χ2 with respect to the PV greater than 16. The IP χ2 is defined as the difference between the χ2 of the PV reconstructed with and
without the considered track. In order to maximise efficiency at an acceptable trigger rate, a displaced vertex is selected with a decision
tree algorithm that uses flight distance as well as fit quality, pT and information on the IP with respect to the PV of the tracks. More
information can be found in Ref. [16]. Full event reconstruction occurs offline, and a loose selection is run to reduce the size of the sample
prior to final analysis. This selection consists of a decision tree algorithm similar to that used in the trigger, but in this case the entire
decay chain is fully reconstructed and the selection benefits from the improved quality of the offline reconstruction.

Approximately one million simulated signal events are used in the analysis as well as a sample of ∼ 108 generic Bq → D X decays,
where q ∈ {u,d, s}. These samples are generated using Pythia 6.4 [17] configured with parameters detailed in Ref. [18]. The EvtGen
package [19] is used to generate hadronic decays, in which final-state radiation is generated using the Photos package [20]. The interaction
of the generated particles with the LHCb detector is simulated using the Geant4 toolkit [21] as described in Ref. [22].

3. Candidate selection and background rejection

The reconstruction considers all B± → Dh± channels of interest. The reconstructed D candidate mass is required to be within
±25 MeV/c2 (≈ 3.5σ ) of its nominal value [12]. The D daughter tracks are required to have pT > 0.25 GeV/c, while the bachelor track
is required to satisfy 0.5 < pT < 10 GeV/c and 5 < p < 100 GeV/c. The tighter requirements on the bachelor track ensure that it resides
within the kinematic coverage of the PID calibration samples acquired through the decay mode D∗ + → D0π+ , D0 → K −π+ . Details of
the PID calibration procedure are given in Section 4. Furthermore, a kinematic fit is performed to each decay chain [23] constraining both
the B± and D vertices to points in 3D space, while simultaneously constraining the D candidate to its nominal mass. This fit results in
a B± mass resolution of 15 MeV/c2, a 10% improvement with respect to the value prior to the fit. Candidates are retained that have an
invariant mass in the interval 5120–5750 MeV/c2.

A boosted decision tree (BDT) discriminator [24], implementing the GradientBoost algorithm [25], is employed to achieve further back-
ground suppression. The BDT is trained using the simulated B± → Dh± events together with a pure sample of combinatoric background
candidates taken from a subset of the data in the invariant mass range 5500–5800 MeV/c2. The BDT considers a variety of properties
associated with each signal candidate. These properties can be divided into two categories: (i) quantities common to both the tracks and
to the D and B± candidates, (ii) quantities associated with only the D and B± candidates. Specifically, the properties considered in each
case are as follows:

(i) p, pT and IP χ2;

1 The phase δK 3π
D is given in the convention where CP|D0〉 = |D0〉.
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and four charge-separated partial widths of the suppressed ADS mode relative to the favoured mode

R K 3π ,±
h ≡ Γ (B± → [π±K ∓π+π−]Dh±)

Γ (B± → [K ±π∓π+π−]Dh±)
. (3)

The observables R K 3π ,±
h carry the highest sensitivity to γ , rh

B and δh
B . They are related by the expression [10,11]

R K 3π ,±
h =

(
rh

B

)2 +
(
rK 3π

D

)2 + 2rh
BrK 3π

D κ K 3π
D cos

(
δh

B + δK 3π
D ± γ

)
. (4)

Here rK 3π
D is the ratio of the magnitudes of the doubly Cabibbo-suppressed and Cabibbo-favoured D decay amplitudes, and δK 3π

D is
the strong-phase difference between the amplitudes, averaged over the final-state phase space. The coherence factor κ K 3π

D accounts
for possible dilution effects in the interference arising from the contribution of several intermediate resonances in the D decay [11].
Information on these D decay parameters is available from external sources. Branching ratio measurements indicate that rK 3π

D ∼ 0.06 [12].
Studies of quantum-correlated D D pairs, performed at CLEO-c, yield δK 3π

D = (114 +26
−23)

◦ and κ K 3π
D = 0.33+0.20

−0.23 [13].1 The relatively low

value of the coherence factor limits the sensitivity of R K 3π ,±
h to γ and δh

B , but does not hinder this observable in providing information
on rh

B . Improved knowledge of rh
B is valuable in providing a constraint which other B± → Dh± analyses can benefit from.
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invariant mass in the interval 5120–5750 MeV/c2.
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1 The phase δK 3π
D is given in the convention where CP|D0〉 = |D0〉.
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Fig. 1. Invariant mass distributions of selected B± → [K ±π∓π+π−]D h± candidates, separated by charge. The left plots are B− candidates, B+ are on the right. In the top
plots, the bachelor track passes the PID cut and the B± candidates are reconstructed assigning this track the kaon mass. The remaining candidates are placed in the sample
displayed on the bottom row and are reconstructed with a pion mass hypothesis. The dark (red) and light (green) curves represent the fitted B± → D K ± and B± → Dπ±

components, respectively. The shaded contribution indicates partially reconstructed decays and the total PDF includes the combinatorial component. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this Letter.)

Fig. 2. Invariant mass distributions of selected B± → [π± K ∓π+π−]D h± decays, separated by charge. See the caption of Fig. 1 for a full description. The dashed line
here represents the partially reconstructed, but Cabibbo-favoured, B0

s → D K −π+ , and charge-conjugated, decays where the pion is not reconstructed. The favoured mode
cross-feed is included in the fit, but is too small to be seen.

summarised in Table 2. Correlations between the uncertainties are considered negligible, so the total systematic uncertainty is the sum in
quadrature of the individual components.

5. Results and interpretation

The results of the fit with their statistical and systematic uncertainties are

R K 3π
K/π = 0.0771 ± 0.0017 ± 0.0026,

AK 3π
K = −0.029 ± 0.020 ± 0.018,

AK 3π
π = −0.006 ± 0.005 ± 0.010,

R K 3π ,−
K = 0.0072+0.0036

−0.0032 ± 0.0008,

R K 3π ,+
K = 0.0175+0.0043

−0.0039 ± 0.0010,

R K 3π ,−
π = 0.00417+0.00054

−0.00050 ± 0.00011,

R K 3π ,+
π = 0.00321+0.00048

−0.00045 ± 0.00011.
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Fig. 3. Charge-integrated invariant mass distributions of those candidates shown in Fig. 2 passing the B± → [π± K ∓π+π−]D h± selection.

Table 2
Systematic uncertainties on the observables. Bachelor PID refers to the fixed efficiency for the bachelor track DLLKπ requirement determined using the D∗ ± calibration
sample. PDFs refers to the variations of the fixed shapes in the mass fit. Simulation refers to the use of simulation to estimate relative efficiencies of the signal modes, and
also includes the contribution from the uncertainty in the residual background from charmless B decays. Ainstr. quantifies the uncertainty on the production, interaction and
detection asymmetries.

[×10−3] R K 3π
K/π AK 3π

π AK 3π
K R K 3π ,−

K R K 3π ,+
K R K 3π ,−

π R K 3π ,+
π

Bachelor PID 1.7 0.2 0.6 0.4 0.4 0.02 0.04
PDFs 1.2 1.3 4.4 0.7 0.9 0.09 0.08
Simulation 1.5 0.1 0.3 0.1 0.2 0.01 0.02
Ainstr. 0.0 9.9 17.1 0.1 0.1 0.06 0.06

Total 2.6 10.0 17.7 0.8 1.0 0.11 0.11

From these measurements, the quantities R K 3π
ADS(h) and AK 3π

ADS(h) can be deduced. These are, respectively, the ratio of the suppressed to the
favoured partial widths for the decays B± → Dh± , averaged over the two charges, and the CP asymmetry of the suppressed decay mode

R K 3π
ADS(K ) = R K 3π ,−

K + R K 3π ,+
K

2
= 0.0124 ± 0.0027,

AK 3π
ADS(K ) = R K 3π ,−

K − R K 3π ,+
K

R K 3π ,−
K + R K 3π ,+

K

= −0.42 ± 0.22,

R K 3π
ADS(π) = R K 3π ,−

π + R K 3π ,+
π

2
= 0.0037 ± 0.0004,

AK 3π
ADS(π) = R K 3π ,−

π − R K 3π ,+
π

R K 3π ,−
π + R K 3π ,+

π

= 0.13 ± 0.10.

The displayed uncertainty is the combination of statistical and systematic contributions. Correlations between systematic uncertainties are
taken into account in the combination. It can be seen that the observable AK 3π

ADS(K ) , which is expected to manifest significant CP violation,
differs from the CP-conserving hypothesis by around 2σ .

A likelihood ratio test is employed to assess the significance of the suppressed ADS signal yields. This has been performed cal-

culating the quantity
√

−2 ln Lb
Ls+b

, where Ls+b and Lb are the maximum values of the likelihoods in the case of a signal-plus-
background and background-only hypothesis, respectively. Significances of 5.7σ and greater than 10σ are determined for the modes
B± → [π±K ±π+π−]D K ± and B± → [π±K ∓π+π−]Dπ± , respectively. The former significance is found to reduce to 5.1σ when the
systematic uncertainties are included.

The measured observables are used to infer a confidence interval for the value of the suppressed-to-favoured B± → D K ± amplitude
ratio, rK

B . The most probable value of rK
B is identified as that which minimises the χ2 calculated from the measured observables and their

predictions for the given value of rK
B . The prediction for R K 3π ,±

K is given by Eq. (4), and similar relations exist for the other observables.
Amongst the other parameters that determine the predicted values, rh

B , δh
B and γ vary freely, but all the parameters of the D decay,

notably the coherence factor and strong-phase difference, are constrained by the results in Ref. [13]. Subsequently, the evolution of the
minimum χ2 is inspected across the range (0.0 < rK

B < 0.2) and the difference &χ2 with respect to the global minimum is calculated. The
probabilistic interpretation of the &χ2 at each value of rK

B is evaluated by generating and fitting a large number (107) of pseudo-datasets
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culating the quantity
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ratio, rK
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B is identified as that which minimises the χ2 calculated from the measured observables and their
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K is given by Eq. (4), and similar relations exist for the other observables.
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probabilistic interpretation of the &χ2 at each value of rK
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around the local minimum. The variation of the pseudo-datasets is derived from the covariance matrix of the principal result. At a given
fixed point in the rK

B range, a, with a value of !χ2
a above the global minimum, the probability of obtaining the observed result is defined

as the number of pseudo-experiments with !χ2 ! !χ2
a . By this frequentist technique it is found that the result for rK

B has a non-Gaussian
uncertainty, so the “1σ ” and “2σ ” intervals, respectively, are given as

rK
B = 0.097 ± 0.011 [68.3% CL] and +0.027

−0.029 [95.5% CL].
The measurements do not allow significant constraints to be set on the other underlying physics parameters.

6. Conclusions

A search has been performed for the ADS suppressed modes B± → [π±K ∓π+π−]D K ± and B± → [π±K ∓π+π−]Dπ± using 1.0 fb−1

of data collected by LHCb in 2011. First observations have been made of both decays, with a significance of 5.1σ and greater than
10σ , respectively. Measurements have been made of the observables R K 3π

K/π , AK 3π
h and R K 3π ,±

h , as well as the derived parameters R K 3π
ADS(h)

and AK 3π
ADS(h) , which relate the partial widths of the B± → Dh± (h = K ,π ) family of decays. From these observables it is deduced that

rK
B = 0.097 ± 0.011, where rK

B is the ratio of the absolute values of the suppressed and favoured B± → D K ± amplitudes. These results will
improve knowledge of the Unitarity Triangle angle γ when they are combined with other B± → D K ± measurements exploiting different
D decay modes.
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Table 1
Favoured ([Kπππ ]D h) and suppressed ([π Kππ ]D h) signal yields together with their corresponding
statistical uncertainties.

Mode B− B+

[Kπππ ]Dπ 20,791 ± 232 21,054 ± 235
[Kπππ ]D K 1567 ± 57 1660 ± 60
[π Kππ ]Dπ 87 ± 11 68 ± 10
[π Kππ ]D K 11 ± 5 29 ± 7

1. B± → Dπ±

In the subsamples failing the bachelor PID cut, a modified Gaussian function,

f (m) ∝ exp
( −(m − µ)2

2σ 2 + (m − µ)2αL,R

)
(6)

describes the asymmetric function of peak of value µ and width σ where αL (m < µ) and αR (m > µ) parameterise the tails. True
B± → Dπ± candidates that pass the PID cut are reconstructed as B± → D K ± . As these candidates have an incorrect mass assignment
they form a displaced mass peak with a tail that extends to higher invariant mass. These candidates are modelled by the sum of
two Gaussian PDFs, also altered to include tail components as in Eq. (6). All parameters are allowed to vary except the lower-mass
tail which is fixed to the value found in simulation to ensure fit stability, and later considered amongst the systematic uncertainties.
These shapes are considered identical for B+ and B− decays.

2. B± → D K ±

In the subsamples that pass the PID cut on the bachelor, the same modified Gaussian function as quoted in Eq. (6) is used. The
peak value and the two tail parameters are identical to those of the higher B± → Dπ± peak. The width is 0.95 ± 0.02 times the
B± → Dπ± width, as determined by a separate study of the favoured mode. Candidates failing the PID cut are described by a fixed
shape that is obtained from simulation and later varied to assess the systematic uncertainty.

3. Partially reconstructed b-hadron decays
Partially reconstructed decays populate the invariant mass region below the B± mass. Such candidates may enter the signal region,
especially where Cabibbo-favoured B± → X Dπ± modes are misidentified as B± → D K ± . The large simulated sample of inclusive
Bq → D X decays is used to model this background. After applying the selection, two non-parametric PDFs [26] are defined (for the
Dπ± and D K ± selections) and used in the signal fit for both the favoured and suppressed mode subsamples.
In addition, partially reconstructed B0

s → D K −π+ and Λ0
b → [pK −π+π−π+]Λ0

c
h− decays and their charge-conjugated modes are

considered as background sources specific to the suppressed B± → D K ± and favoured mode subsamples, respectively. PDFs for both
these sources of background are determined from simulation and smeared to match the resolution observed in data.
The yield of these background components in each subsample varies independently in the fit, making no assumption of CP symmetry.

4. Combinatoric background
A linear approximation is adequate to describe the distribution across the invariant mass spectrum considered. A common shape
parameter is used in all subsamples, though yields vary independently.

The proportion of B± → Dh± passing or failing the PID requirement is determined from an analysis of approximately 20 million D∗ ±

decays reconstructed as D∗ ± → Dπ± , D → K ∓π± . The reconstruction is performed using only kinematic variables, and provides a high
purity calibration sample of K and π tracks which is unbiased for studies exploiting the RICH and is therefore made use of to measure the
PID efficiency as a function of track momentum, pseudorapidity and number of tracks in the detector. Through reweighting the calibration
spectra in these variables to match that of the candidates in the B± → Dπ± peak, the effective PID efficiency of the signal is determined.
This data-driven approach finds a retention rate on the bachelor track of 86.1% and 3.7% for kaons and pions, respectively. An absolute
1.0% systematic uncertainty on the kaon efficiency is estimated from simulation. The B± → Dπ± fit to data becomes significantly incorrect
when the PID efficiency is varied outside the absolute range of ±0.2%, and so this value is taken as the systematic uncertainty for pions.

Detection and production asymmetries are accounted for using the same procedure followed in Ref. [7], based on the measurement of
the observed raw asymmetry of B± → J/ψ K ± decays in the LHCb detector [27]. A detection asymmetry of (−0.5 ± 0.7)% is assigned for
each unit of strangeness in the final state to account for the different interaction lengths of K − and K + mesons. The equivalent asymmetry
for pions is expected to be much smaller and (0.0 ± 0.7)% is assigned. This uncertainty also accounts for the residual physical asymmetry
between the left and right sides of the detector after summing both magnet-polarity data sets. Simulation of b-hadron production in pp
collisions suggests a small excess of B+ over B− mesons. A production asymmetry of (−0.8 ± 0.7)% is assumed in the fit such that the
combination of these estimates aligns with the observed raw asymmetry of B± → J/ψ K ± decays [27].

The signal yields for the favoured and suppressed B± → Dh± decays, after summing the events that pass and fail the bachelor PID cut,
are shown in Table 1. Their corresponding invariant mass spectra, separated by the charge of the B candidate, are shown in Figs. 1 and 2.
Plots of the combined B+ and B− suppressed-mode mass spectra are shown in Fig. 3.

The R K 3π ,±
h observables are related to the ratio of event yields by the relative efficiency, independent of PID effects, with which B± →

D K ± and B± → Dπ± decays are reconstructed. This ratio is found to be 1.029 from a simulation study. A 2.4% systematic uncertainty,
based on the finite size of the simulated sample, accounts for the imperfect modelling of the relative pion and kaon absorption in the
tracking material.

The fit is constructed such that the observables of interest are free parameters. To estimate the systematic uncertainties arising from
the imperfect knowledge of several of the external parameters discussed above, the fit is performed many times varying each input by its
assigned error. The resulting spread (RMS) in the value of each observable is taken as the systematic uncertainty on that quantity and is
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A search for direct CP violation in D0 → h−h+ (where h = K or π ) is presented using data corresponding
to an integrated luminosity of 1.0 fb−1 collected in 2011 by LHCb in pp collisions at a centre-of-mass
energy of 7 TeV. The analysis uses D0 mesons produced in inclusive semileptonic b-hadron decays to
the D0µX final state, where the charge of the accompanying muon is used to tag the flavour of the D0

meson. The difference in the CP-violating asymmetries between the two decay channels is measured to
be

"ACP = ACP
(

K − K +)
− ACP

(
π−π+)

=
(
0.49 ± 0.30 (stat) ± 0.14 (syst)

)
%.

This result does not confirm the evidence for direct CP violation in the charm sector reported in other
analyses.

 2013 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

The combined symmetry of charge conjugation and parity (CP)
is broken in the weak interaction of the Standard Model by a sin-
gle phase in the Cabibbo–Kobayashi–Maskawa matrix [1,2]. Physics
beyond the Standard Model may reveal itself in the form of addi-
tional sources of CP violation. In both the K 0 and B0 systems CP
violation has been unambiguously observed, and is in agreement
with the Standard Model predictions. In contrast, CP violation in
the charm sector has yet to be established. The amount of CP vio-
lation in charm decays was generally expected to be much smaller
than the 1% level in the Standard Model [3,4]. The LHCb collab-
oration, however, reported evidence with 3.5 standard deviations
significance for direct CP violation in two-body, singly-Cabibbo-
suppressed D0 decays [5]. The difference in CP asymmetries be-
tween D0 → K −K + and D0 → π−π+ decays was found to be
"ACP = (−0.82 ± 0.21 (stat) ± 0.11 (syst))%. This result sparked
a theoretical debate on whether or not this could be accommo-
dated within the Standard Model. For a comprehensive review see
Ref. [6].

After the LHCb paper, the CDF and Belle collaborations pre-
sented measurements of "ACP = (−0.62 ± 0.21 (stat) ± 0.10
(syst))% [7] and "ACP = (−0.87 ± 0.41 (stat) ± 0.06 (syst))% [8],
respectively. These numbers are included in the average from
the Heavy Flavor Averaging Group (HFAG) [9], together with a
previous measurement [10] from the BaBar collaboration, yield-

! © CERN for the benefit of the LHCb Collaboration.

ing a world average of the difference in direct CP violation of
"adir

CP = (−0.68 ± 0.15)%.1

In all previous results D∗+ → D0π+ decays2 have been used as
the source of the D0 sample, and the emitted pion was used to
determine the flavour of the neutral D meson (i.e., whether it is
D0 or D0). In this Letter a measurement of "ACP is presented us-
ing D0 mesons produced in semileptonic b-hadron decays where
the flavour of the neutral D meson is tagged by the accompanying
charged lepton. This approach provides an independent determina-
tion of "ACP .

2. Method and formalism

The measured (raw) asymmetry for a D0 decay to a CP eigen-
state f is defined as

Araw = N(D0 → f ) − N(D0 → f )

N(D0 → f ) + N(D0 → f )
, (1)

where N denotes the observed yield for the given decay. The initial
flavour of the neutral D meson is tagged by the charge of the ac-
companying muon in the semileptonic b-hadron (B) decay to the
DµX final state. A positive muon is associated with a D0 meson,
and a negative muon with a D0 meson. The X denotes any other
particle(s) produced in the semileptonic B decay, which are not
reconstructed (e.g., the neutrino).

1 The relation between "ACP and "adir
CP is explained in Section 6.

2 The inclusion of charge-conjugated modes is implied throughout this Letter, un-
less explicitly stated otherwise.

0370-2693/  2013 CERN. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2013.04.061
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3 Analysis strategy

The raw asymmetry for tagged D

0 decays to a final state f is given by Araw(f), defined as
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where N(X) refers to the number of reconstructed events of decay X after background
subtraction. To first order the raw asymmetries may be written as a sum of components
that are due to CP violation and to detector e↵ects:

Araw(f) = A

CP

(f) + AD(f) + AD(⇡
+
s ) + AP(D

⇤+). (6)

Here, AD(f) is the asymmetry in selecting the D

0 decay into the final state f , AD(⇡+
s ) is

the asymmetry in selecting the soft pion from the D

⇤+ decay chain, and AP(D⇤+) is the
production asymmetry for D⇤+ mesons. The asymmetries AD and AP are defined in the
same fashion as Araw. The first order expansion is valid since the individual asymmetries
are small.

For a two-body decay of a spin-0 particle to a self-conjugate final state there can be
no D

0 detection asymmetry, i.e. AD(K�
K

+) = AD(⇡�
⇡

+) = 0. Moreover, in any given
kinematic region AD(⇡+

s ) and AP(D⇤+) are independent of f and thus in the first order
expansion of Eq. (6) those terms cancel in the di↵erence Araw(K�

K

+) � Araw(⇡�
⇡

+),
resulting in

�A

CP

= Araw(K
�
K

+) � Araw(⇡
�
⇡

+). (7)

Both the D

⇤+ production asymmetry and the soft pion detection e�ciency asymmetry
depend upon the kinematics of the relevant particles (e.g. AP(D⇤+) can vary with ⌘).
The underlying D

⇤+ kinematic distributions are independent of the D

0 decay mode, but
the selection requirements can sculpt the distributions in di↵erent ways for the K

�
K

+

and ⇡

�
⇡

+ final states. The combination of these two e↵ects can lead to a non-cancelling
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(�0.80± 0.23)% when using the old reconstruction software and (�0.78± 0.23)% when
using the new reconstruction software (all uncertainties in this section are statistical only).

There is also a set of events in the first 600 pb�1 that are selected by the new recon-
struction software but not the old. The additional signal yields are 0.21⇥ 106 for K�

K

+

and 0.11⇥ 106 for ⇡�
⇡

+, corresponding to approximately 17% and 34%, respectively, of
the signal yields in the first 600 pb�1. Note that the fraction added for ⇡�

⇡

+ is larger than
for K�

K

+, as a result of changes in the RICH calibration. The value of �A

CP

measured
with the first 600 pb�1 including these additional events is found to be (�0.55± 0.21)%.
To test whether this change is compatible with a statistical fluctuation, we evaluate �A

CP

separately in the disjoint sets of events which were (a) selected with the old software but
not the new, (b) selected with both the old and new software, or (c) selected with the new
software but not the old. The values are consistent.

In addition, the last 400 pb�1 recorded by LHCb in 2011 is included in the analysis
for the first time. In this subsample alone, �A

CP

= (�0.28± 0.26)%. When fitting the
combined 1.0 fb�1 sample, the value �A

CP

= (�0.45± 0.16)% is obtained.
The change in the analysis procedure from the formerly used kinematic binning to

reweighting has essentially no e↵ect on the result: �A

CP

becomes (�0.45 ± 0.17)%.
However, the requirement that the tagging soft pion and the D

0 originate from a primary
vertex [24] improves the �m resolution for well-reconstructed signal candidates by a factor
of about 2.5, giving better background rejection and reducing the statistical uncertainty.
With this change, the value of �A

CP

becomes (�0.34± 0.15)%. The expected variation
between the results of analyses with and without this constraint has been evaluated using
simulated pseudoexperiments, and found to be 0.05% from the change in resolution alone.
We also note that the e↵ect of the constraint that the soft pion points to the primary vertex
may be correlated with the e↵ect of excluding events in which the soft pion has a large
impact parameter with respect to the primary vertex, for which a systematic uncertainty
of 0.08% is assigned. Hence this change, as all others, is consistent within uncertainties.

7 Combination with LHCb result from semileptonic

B decays

A separate measurement of �A

CP

has been performed at LHCb in which the D

0 mesons
are produced in semileptonic B ! D

0
µ

�
⌫̄

µ

X decays (where B denotes a hadron containing
a b quark) and the charge of the muon is used to tag the flavour of the D

0 meson. This
analysis is described in Ref. [11]. The statistical correlation between the two data samples
is negligible, and due to the di↵erent production environment and tagging technique
the systematic uncertainties are also essentially uncorrelated. The results of the two
measurements are shown below along with their combination under the assumption that
indirect CP violation is negligible:

D

⇤+ tag (this analysis): �A

CP

= (�0.34± 0.15 (stat.)± 0.10 (syst.))%
Semileptonic analysis: �A

CP

= (+0.49± 0.30 (stat.)± 0.14 (syst.))%
Combination: �A

CP

= (�0.15± 0.16)%
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The two measurements are 2.2� apart, and are compatible at the 3% level (�2 = 4.85).

8 Conclusions

The di↵erence of time-integrated CP violation between D

0 ! K

�
K

+ and D

0 ! ⇡

�
⇡

+

decays has been measured based on a data sample corresponding to an integrated luminosity
of 1.0 fb�1. The result is

�A

CP

= (�0.34± 0.15± 0.10)% , (10)

where the first uncertainty is statistical and the second systematic. These results supersede
the previous LHCb results and have reduced uncertainties. The measured value is consistent
with the previous measurements, but does not confirm the evidence of CP violation in the
charm sector that had previously been reported.
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where the production and detection asymmetries are defined as

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

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

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

A
CP

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

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

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

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

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

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

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

B

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

, and non-Gaussian tails, ↵
L,R

:
C(m

Kµµ

) = N exp
�
�(m

Kµµ

�m
B

)2/[2�2
L,R

+ ↵
L,R

(m
Kµµ

�m
B

)2]
�
[22]. The combina-

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

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

3
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A measurement of the CP asymmetry in B0 ! K!0!þ!# decays is presented, based on 1:0 fb#1 of pp
collision data recorded by the LHCb experiment during 2011. The measurement is performed in six bins

of invariant mass squared of the !þ!# pair, excluding the J=c and c ð2SÞ resonance regions. Production
and detection asymmetries are removed using the B0 ! J=cK!0 decay as a control mode. The integrated

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

ACP ¼ !ð "B0 ! "K!0!þ!#Þ#!ðB0 ! K!0!þ!#Þ
!ð "B0 ! "K!0!þ!#Þþ!ðB0 ! K!0!þ!#Þ ; (1)

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

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

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

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

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

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

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

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

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

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

18 JANUARY 2013

0031-9007=13=110(3)=031801(8) 031801-1 ! 2013 CERN, for the LHCb collaboration

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

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

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

decays, the c !c resonant decays B0 ! J=cK!0 and
B0 ! c ð2SÞK!0 are removed by excluding events with
!þ!# invariant mass, m!þ!# , satisfying 2:95<m!þ!#<
3:18GeV=c2 or 3:59<m!þ!#<3:77GeV=c2. If

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

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

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

identified as a pion, B0 ! J=cK!0 candidates where a
hadron is swapped with a muon, and Bþ ! Kþ!þ!#

candidates that combine with a random low momentum
pion. The vetoes are described fully in Ref. [10].ACP may
be diluted by B0 ! K!0!þ!# candidates with the kaon
and pion misidentified as each other, which is estimated
as 0.8% of the B0 ! K!0!þ!# yield using simulated
events. All B0 candidates must have a mass in the range
5:15–5:80 GeV=c2; the tight low mass edge of this window
serves to remove background from partially reconstructed
Bmeson decays. AllK!0 candidates must have an invariant
mass of the kaon-pion pair within 0:1 GeV=c2 of the
nominal K!0ð892Þ mass. A proton veto, using PID infor-
mation from a neural network, is also applied to remove
background from "b decays, where a proton in the final
state is misidentified as a kaon or pion in the B0 !
K!0!þ!# decay.

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

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

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

ARAW ¼ ACP þ %AP þAD; (2)

where the production asymmetry, which is of the order of
1% [22], is defined as AP ' ½Rð !B0Þ # RðB0Þ)=½Rð !B0Þ þ
RðB0Þ) and the detection asymmetry is AD ' ½$ð !B0Þ #
$ðB0Þ)=½$ð !B0Þ þ $ðB0Þ). The production asymmetry is
diluted through B0- !B0 oscillations by a factor %

% '
R1
0 $ðtÞe##t cos$mtdtR1

0 $ðtÞe##tdt
; (3)

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

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

decays have the same final state and similar kinematics,
the measured raw asymmetry for B ! J=cK!0 decays
may be simply expressed as ARAWðB0 ! J=cK!0Þ ¼
%AP þAD, in the absence of a CP asymmetry. B0 !
J=cK!0 proceeds via a b ! c!cs transition, as does the
decay mode Bþ ! J=cKþ, and hence should have a CP
asymmetry similar to ACPðBþ ! J=cKþÞ ¼ ð1* 7Þ +
10#3 [23,24]. For this analysis, it is assumed that
ACPðB0 ! J=cK!0Þ ¼ 0. The CP asymmetry in B0 !
K!0!þ!# decays is then calculated as

ACP¼ARAWðB0!K!0!þ!#Þ#ARAWðB0!J=cK!0Þ:
(4)

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

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

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

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

decays, the c !c resonant decays B0 ! J=cK!0 and
B0 ! c ð2SÞK!0 are removed by excluding events with
!þ!# invariant mass, m!þ!# , satisfying 2:95<m!þ!#<
3:18GeV=c2 or 3:59<m!þ!#<3:77GeV=c2. If

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

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

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

identified as a pion, B0 ! J=cK!0 candidates where a
hadron is swapped with a muon, and Bþ ! Kþ!þ!#

candidates that combine with a random low momentum
pion. The vetoes are described fully in Ref. [10].ACP may
be diluted by B0 ! K!0!þ!# candidates with the kaon
and pion misidentified as each other, which is estimated
as 0.8% of the B0 ! K!0!þ!# yield using simulated
events. All B0 candidates must have a mass in the range
5:15–5:80 GeV=c2; the tight low mass edge of this window
serves to remove background from partially reconstructed
Bmeson decays. AllK!0 candidates must have an invariant
mass of the kaon-pion pair within 0:1 GeV=c2 of the
nominal K!0ð892Þ mass. A proton veto, using PID infor-
mation from a neural network, is also applied to remove
background from "b decays, where a proton in the final
state is misidentified as a kaon or pion in the B0 !
K!0!þ!# decay.

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

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

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

ARAW ¼ ACP þ %AP þAD; (2)

where the production asymmetry, which is of the order of
1% [22], is defined as AP ' ½Rð !B0Þ # RðB0Þ)=½Rð !B0Þ þ
RðB0Þ) and the detection asymmetry is AD ' ½$ð !B0Þ #
$ðB0Þ)=½$ð !B0Þ þ $ðB0Þ). The production asymmetry is
diluted through B0- !B0 oscillations by a factor %

% '
R1
0 $ðtÞe##t cos$mtdtR1

0 $ðtÞe##tdt
; (3)

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

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

decays have the same final state and similar kinematics,
the measured raw asymmetry for B ! J=cK!0 decays
may be simply expressed as ARAWðB0 ! J=cK!0Þ ¼
%AP þAD, in the absence of a CP asymmetry. B0 !
J=cK!0 proceeds via a b ! c!cs transition, as does the
decay mode Bþ ! J=cKþ, and hence should have a CP
asymmetry similar to ACPðBþ ! J=cKþÞ ¼ ð1* 7Þ +
10#3 [23,24]. For this analysis, it is assumed that
ACPðB0 ! J=cK!0Þ ¼ 0. The CP asymmetry in B0 !
K!0!þ!# decays is then calculated as

ACP¼ARAWðB0!K!0!þ!#Þ#ARAWðB0!J=cK!0Þ:
(4)

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

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

Many sources of systematic uncertainty cancel in the
difference of the raw asymmetries between B0 !
K!0!þ!# and B0 ! J=cK!0 decays and in the average
of CP asymmetries measured using data recorded with
opposite magnet polarities. However, systematic uncer-
tainties can arise from residual noncanceling asymmetries
due to the different kinematic behavior ofB0 ! K!0!þ!#

and B0 ! J=cK!0 decays. The effect is estimated by
reweighting B0 ! J=cK!0 candidates so that their kine-
matic variables are distributed in the same way as for
B0 ! K!0!þ!# candidates. The value of ARAWðB0 !
J=cK!0Þ is then calculated for these reweighted events and
the difference from the default value is taken as the system-
atic uncertainty. This procedure is carried out separately
for a number of quantities including the p, pT, and pseu-
dorapidity of the B0 and the K!0 mesons. The total system-
atic uncertainty associated with the different kinematic
behavior of the two decays is calculated by adding each
individual contribution in quadrature. This is conservative,
as many of the variables are correlated.

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

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

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

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

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

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

ARAWðB0 ! J=cK!0Þ ¼ #0:0110' 0:0032' 0:0006;

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

range is calculated and found to be

ACPðB0 ! K!0!þ!#Þ ¼ #0:072' 0:040' 0:005:

The result is consistent with previous measurements made
by Belle [8], ACP ðB ! K!lþl#Þ ¼ #0:10' 0:10'
0:01, and BABAR [9], ACP ðB ! K!lþl#Þ ¼ 0:03'
0:13' 0:01. This measurement is significantly more

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

q2 region (GeV2=c4) Signal yield ACP

Statistical
uncertainty

Systematic
uncertainty

Total
uncertainty

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

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

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

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

18 JANUARY 2013

031801-4

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

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

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

A
CP

=
�(B� ! K�µ+µ�)� �(B+ ! K+µ+µ�)

�(B� ! K�µ+µ�) + �(B+ ! K+µ+µ�)
, (1)

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

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

CP

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

CP

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

CP

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

In this Letter, a measurement of A
CP

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

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

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

1

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

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

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

IP, where �
2
IP is defined

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

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

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

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

CP

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

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

µµ

< 3.18GeV/c2 and 3.59 < m
µµ

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

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

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

Kµµ

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

µµ

and
m

Kµµ

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

In order to perform a measurement of A
CP

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

ARAW(B+ ! K+µ+µ�) = A
CP

(B+ ! K+µ+µ�) +AP +AD, (2)

2
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Figure 2: Measured value of A
CP

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

CP

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

at the LHCb institutes. We acknowledge support from CERN and from the national
agencies: CAPES, CNPq, FAPERJ and FINEP (Brazil); NSFC (China); CNRS/IN2P3
and Region Auvergne (France); BMBF, DFG, HGF and MPG (Germany); SFI (Ireland);
INFN (Italy); FOM and NWO (The Netherlands); SCSR (Poland); MEN/IFA (Romania);
MinES, Rosatom, RFBR and NRC “Kurchatov Institute” (Russia); MinECo, XuntaGal
and GENCAT (Spain); SNSF and SER (Switzerland); NAS Ukraine (Ukraine); STFC
(United Kingdom); NSF (USA). We also acknowledge the support received from the ERC
under FP7. The Tier1 computing centres are supported by IN2P3 (France), KIT and
BMBF (Germany), INFN (Italy), NWO and SURF (The Netherlands), PIC (Spain),
GridPP (United Kingdom). We are thankful for the computing resources put at our
disposal by Yandex LLC (Russia), as well as to the communities behind the multiple open
source software packages that we depend on.

References

[1] LHCb collaboration, R. Aaij et al., Di↵erential branching fraction and angular analysis
of the B+ ! K+µ+µ� decay, JHEP 02 (2013) 105, arXiv:1209.4284.

[2] Belle collaboration, J.-T. Wei et al., Measurement of the di↵erential branching fraction
and forward-backward asymmetry for B ! K(⇤)`+`�, Phys. Rev. Lett. 103 (2009)
171801, arXiv:0904.0770.

7

Table 2: Values of A
CP

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

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

CP

(B+ ! K+µ+µ�) uncertainty uncertainty

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

Weighted average 0.000 0.033 0.005

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

CP

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

CP

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

CP

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

CP

hypothesis is taken as the systematic uncertainty. Variations
in A

CP

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

CP

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

The results for A
CP

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

A
CP

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

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

CP

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

CP

.
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B(s)→µe
LFV process, sensible to NP, (i.e. leptoquarks)

similar strategy to Bs→µµ

normalization and control channel B→hh’
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TABLE I. Expected background (bkg) from the fit to the data sidebands, and expected B0
(s) ! h+h

0� ! e+µ� events,
compared to the number of observed events in the mass signal region, in bins of BDT response.

BDT bin 0.0 – 0.25 0.25 – 0.4 0.4 – 0.5 0.5 – 0.6 0.6 – 0.7 0.7 – 0.8 0.8 – 0.9 0.9 – 1.0

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

�4.5 13.2+3.9
�3.6 2.1+2.9

�1.4 3.1+1.9
�1.4 3.1+1.9

�1.4 1.7+1.4
�1.0

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

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

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

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

(s) ! e±µ⌥ branching fractions.

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

B0
s

! e±µ⌥ Expected 1.5⇥ 10�8 1.8⇥ 10�8

Observed 1.1⇥ 10�8 1.4⇥ 10�8

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

Observed 2.8⇥ 10�9 3.7⇥ 10�9

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

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

s ! e±µ⌥) < 1.1 (1.4)⇥ 10�8

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

LQ

(B0

s ! e±µ⌥) > 101 (107)TeV/c2 and
M

LQ

(B0 ! e±µ⌥) > 135 (126)TeV/c2 at 90 (95)% C.L.,
respectively. These are a factor of two higher than the
previous bounds.
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τ→µµµ

LFV process, sensible to NP,

similar strategy to Bs→µµ

discrimination using BDT, mass and PID

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

normalization and control channel: D-s→𝜙(µµ)π-
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Figure 3: Invariant mass distributions and fits to the mass sidebands in data for (a) µ+µ�µ�

candidates in the four merged bins that contain the highest signal probabilities, (b) p̄µ+µ�

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

7 Results213

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

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

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

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

CL
s

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

218

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

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

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

221

values are shown in Fig. 4.222

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

B(⌧� ! µ�µ+µ�) < 8.3 (10.2)⇥ 10�8,

B(⌧� ! p̄µ+µ�) < 4.6 (5.9)⇥ 10�7,

B(⌧� ! pµ�µ�) < 5.4 (6.9)⇥ 10�7,

8

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

B(⌧� ! µ�µ+µ�) < 8.0 (9.8)⇥ 10�8,

B(⌧� ! p̄µ+µ�) < 3.3 (4.3)⇥ 10�7,

B(⌧� ! pµ�µ�) < 4.4 (5.7)⇥ 10�7.

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

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

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

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

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

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

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

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

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

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

⌧� ! pµ�µ�.235

9

]2c) [MeV/−µ+µ−µ(m
1600 1700 1800 1900

)2 c
Ca

nd
id

at
es

 / 
(1

0 
M

eV
/

0

1

2

3

4

5

6

LHCb(a) M
3body

2 [0.65, 1.0]

M
PID

2 [0.725, 1.0]

]2c) [MeV/−µ+µp(m
1700 1800 1900

)2 c
Ca

nd
id

at
es

 / 
(1

0 
M

eV
/

0

1

2

3

4

5

6

7
LHCb(b) M

3body

2 [0.40, 1.0]

]2c) [MeV/−µ−µp(m
1700 1800 1900

)2 c
Ca

nd
id

at
es

 / 
(1

0 
M

eV
/

0

2

4

6

8

10

LHCb(c)

M
3body

2 [0.40, 1.0]

Figure 3: Invariant mass distributions and fits to the mass sidebands in data for (a) µ+µ�µ�

candidates in the four merged bins that contain the highest signal probabilities, (b) p̄µ+µ�

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

7 Results213

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

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

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

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

CL
s

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

218

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

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

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

221

values are shown in Fig. 4.222

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

B(⌧� ! µ�µ+µ�) < 8.3 (10.2)⇥ 10�8,

B(⌧� ! p̄µ+µ�) < 4.6 (5.9)⇥ 10�7,

B(⌧� ! pµ�µ�) < 5.4 (6.9)⇥ 10�7,

8

expected 90(95) % C.L:

observed:

1 Introduction1

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

80% of which comes from D�
s

! ⌧�⌫̄
⌧

), estimated using the bb̄ and cc̄ cross-sections20

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

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

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

give excellent identification of protons.24

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

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

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

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

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

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

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

c

l�,31

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

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

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

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

any previous experiment.36

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

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

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

calibration and normalisation channel, which is D�
s

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

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

1
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approaching Belle limit
s! 



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

Branching fractions and angular dependence

Luck of NP

constrains models beyond SM, set higher energy scale for NP

In a model independent interpretation, constrains Wilson coefficients

 

SM contributions:
75%

24%

2HDM:

SM



Rare Decays Analysis
Very rare decays

B(s)→µµ [3fb-1/arXiv:1307.5024]

D→µµ [0.9fb-1/arXiv:1305.5050] 

Ks→µµ [1fb-1/arXiv:1209.4029]

B→4µ [1fb-1/arXiv:1303.1092]

B+→π+µµ [1fb-1/arXiv:1210.2645]

Angular an isospin analysis

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

Λb→Λµµ [1fb-1/arXiv:1306.2577]

Bs→𝜙µµ [1fb-1/arXiv:1305.2168]

B→K(*)µµ [1fb-1/arXiv:1205.3422]

ψ(4160) [3fb-1/arXiv:1307.7595] 65

CP Asymmetries

B→K*µµ [1fb-1/arXiv:1210.4492]

B+→K+µµ [1fb-1/arXiv:1308.1340]

No SM processes

B+→Xµ-µ-  [0.41fb-1/arXiv:1201.5600]

B(s) →µe [1fb-1/arXiv:1307.4889]

τ→3µ, τ→pµµ [1fb-1/arXiv:1304.4518]

Radiative decays

B→K*γ,Bs→𝜙γ [1fb-1/arXiv:1202.6267]



LHCb detector
LHCb detector

single-arm spectrometer (2<η<5)

B, Bs, B+,D,Λb, ... produced at LHCb

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

efficiency on dimuon channels ~90%

precise vertex (IP ~20 µm at high PT)

excellent momentum resolution Δp/p ≃ 0.5 %

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

“beautifully” 

operating @ 2 nominal luminosity

Integrated luminosity 3 fb-1 

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



A new resonance in B+→K+µµ

A resonance structure at high q2

Consistent with ψ(4160) measured by BES

Contribute to 20% of the total signal at high q2

much larger than theoretical estimations
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Table 1: Parameters of the dominant resonance for
fits where the mass and width are unconstrained
and constrained to those of the  (4160) meson [4],
respectively. The branching fractions are for the
B+ decay followed by the decay of the resonance
to muons.

Unconstrained  (4160)

B[⇥10�9] 3.9 +0.7
�0.6 3.5 +0.9

�0.8

Mass [MeV/c2] 4191 +9
�8 4190± 5

Width [MeV/c2] 65 +22
�16 66± 12

Phase [rad] �1.7± 0.3 �1.8± 0.3

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

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

normalisation procedure are negligible as the
decay B+! J/ K+ has the same final state as

]-9Branching fraction [10
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Figure 2: Profile likelihood ratios for the product
of branching fractions B(B+ !  K+) ⇥ B( !
µ+µ�) of the  (4040) and the  (4160) mesons. At
each point all other fit parameters are reoptimised.
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Figure 3: Profile likelihood as a function of mass
and width of a fit with a single extra resonance.
At each point all other fit parameters are reopti-
mised. The three ellipses are (red-solid) the best fit
and previous measurements of (grey-dashed) the
 (4160) [4] and (black-dotted) the Y (4260) [21]
states.

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

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

5

6σ significance!
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