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Studies of rare B meson decays with the CMS detector Xin SHI

1. Introduction

Rare beauty decays such as Bs,d→ µ+µ− branching fractions and the AFB of the B→K∗µ+µ−

are well predicted by the Standard Model (SM) theory. New physics beyond the SM can inter
through the loop diagram by the flavor-changing neutral currents (FCNC). Thus, looking through
the enhancement of such channels are gold plates searches at the colliders.

The CMS detector [3] is a general purpose detector at the LHC. It’s inner tracker consists
of silicon pixel and silicon strip layers. Muons are measured by drift tubes (DT), cathode strip
chambers (CSC) and resistive plate chambers (RPC). The dimuon mass resolution is less than 1%,
which makes it a powerful tool for B-physics study.

2. Angular analysis and branching ratio measurement of the decay B0→ K∗0µ+µ−

2.1 Motivation

The b→ s l+l− transition is a FCNC process. The amplitudes may interfere with non-SM
particle contributions see in Figure 1. The decay is fully described with three angles as shown in
Figure 2 and well predicted [1] as shown Figure 3.
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We study B ! Kð"Þ‘þ‘% decays (‘ ¼ e, !) based on a data sample of 657' 106 B !B pairs collected

with the Belle detector at the KEKB eþe% collider. We report the differential branching fraction, isospin

asymmetry, K" polarization, and the forward-backward asymmetry (AFB) as functions of q
2 ¼ M2

‘‘c
2. The

fitted AFB spectrum exceeds the standard model expectation by 2.7 standard deviations. The measured

branching fractions are BðB ! K"‘þ‘%Þ ¼ ð10:7þ1:1
%1:0 ( 0:9Þ ' 10%7 and BðB ! K‘þ‘%Þ ¼ ð4:8þ0:5

%0:4 (
0:3Þ ' 10%7, where the first errors are statistical and the second are systematic, with the muon to electron

ratios RK" ¼ 0:83( 0:17( 0:08 and RK ¼ 1:03( 0:19( 0:06.

DOI: 10.1103/PhysRevLett.103.171801 PACS numbers: 13.20.He, 11.30.Er

The b ! s‘þ‘% transition is a flavor-changing neutral
current (FCNC) process, which, in the standard model
(SM), proceeds at lowest order via either a Z=" penguin
diagram or a WþW% box diagram. Since their amplitudes
may interfere with the contributions from non-SM particles
[1], the transition can probe the presence of yet unobserved
particles and processes. More specifically, the lepton
forward-backward asymmetry (AFB) and the differential
branching fraction as functions of dilepton invariant mass
(M‘‘) in the decays B ! K"‘þ‘% differ from the SM
expectations in various extended models [2]. The former
is largely insensitive to the theoretical uncertainties of the
form factors describing the decay, and can hence provide a
stringent experimental test of the SM. The latter has been
so far determined only with a modest precision [3,4]. It can
be used to extract the information on the coefficients
associated with the theoretical models as well.

In this Letter, we report measurements of the differential
branching fractions, isospin asymmetries, K" polarization,
and AFB as functions of q2 ¼ M2

‘‘c
2 for B ! Kð"Þ‘þ‘%

decays. A data sample of 657' 106 B !B pairs, correspond-
ing to 605 fb%1, collected with the Belle detector at the
KEKB asymmetric-energy eþe% collider [5] is examined.
The Belle detector is described in detail elsewhere [6].

We reconstruct B ! Kð"Þ‘þ‘% signal events in 10 final
states: Kþ#%, K0

S#
þ, Kþ#0, Kþ, and K0

S for Kð"Þ [7],
combined with either electron or muon pairs. All charged
tracks other than the K0

S ! #þ#% daughters are required
to be associated with the interaction point (IP). A track is
identified as aKþ (#þ) by combining information from the

aerogel Cherenkov and time-of-flight subsystems with
dE=dx measurements in the central drift chamber [8].

The kaon (pion) identification is more than 85% (89%)

efficient while removing more than 92% (91%) of pions
(kaons). For muon and electron candidates, requirements
on the lepton identification likelihood described in
Refs. [8,9] retain (93:4%( 2:0%) of muons and (92:3%(
1:7%) of electrons while removing (98:8%( 0:2%) and
(99:7%( 0:1%) of pions. Bremsstrahlung photons emitted
by electrons are recovered by adding neutral clusters found
within a 50 mrad cone along the electron direction. The
cluster energies are required to be between 20 and
500 MeV.
Pairs of oppositely charged tracks are used to reconstruct

K0
S ! #þ#% candidates. The invariant mass is required to

lie within the range 483–513 MeV=c2 (( 5 times the K0
S

reconstructed-mass resolution). Other selection criteria are
based on the distance and the direction of theK0

S vertex and
the distance of daughter tracks to the IP. We reconstruct
#0 ! "" candidates based on the invariant mass, mini-
mum photon energy, photon energy asymmetry, and #0

momentum as described in Ref. [9].
B-meson candidates are reconstructed by combining a

Kð"Þ candidate and a pair of oppositely charged leptons,
and selected using the beam-energy constrained mass

Mbc )
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam % p2

B

q
and the energy difference "E )

EB % Ebeam, where EB and pB are the reconstructed energy
and momentum of the B candidate in the #ð4SÞ rest frame
and Ebeam is the beam energy in this frame. Bremsstrahlung
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Fig. 5.1 Photonic penguin, Z penguin, and the box diagram for b → s!+!−, sνν̄

finds m2
t instead of m2

b as the outcome. G F m2
t is certainly not negligible compared

to α for mt above 100 GeV or so.
The source of this nondecoupling of SM heavy quarks is due to their large

Yukawa couplings. Note that heavy particle propagators in general lead to decou-
pling, i.e., heavy mass effects are normally decoupled, with G F power counting as
a good example.1 So, one would have thought that the effect of a heavy top would
also be decoupled. In pure QED and QCD processes, this would indeed be the case.
However, the weak interaction (or SU(2)×U(1)) is more complicated:

λt ≡
√

2
mt

v
(5.1)

is the dynamical Yukawa coupling, where v is the v.e.v. scale. The heaviness of mt

is a dynamical effect. It turns out that two powers of Yukawa couplings remain for
the Z loop calculation, which results in nondecoupling. So why does this not happen
for the photonic penguin?

It is not our purpose to present any diagrammatic calculations. However, it would
be elucidating to give an account of the subtleties that distinguishes the ! and Z
penguins, i.e., s̄b! and s̄bZ couplings. So let us try to be as lucid as possible
and explain in a language that hopefully even experimenters can grasp (see also
Footnote 3 of Chap. 4). In attempting the calculations for the diagrams of Fig. 5.1,
one would like to ignore all external masses and momenta as much as possible, since
m2

b/M2
W is small (i.e., G F m2

b is negligible). In so doing, one then discovers that the
s̄b! vertex would vanish in the m2

b/M2
W → 0 limit. Hence, to extract the s̄b! vertex,

extra care needs to be taken, and one needs to make an expansion in small external
masses and momenta, before setting them to zero. Alternatively, one recalls that the
photon, even if off-shell, couples to conserved currents. This is a requirement of
gauge invariance. A vanishing vertex is of course trivially conserved, but to have a
nontrivially conserved s̄b! vertex, the effective vertex would depend on the external
momentum and mass(es). The point is that mb and ms are of unequal mass, so s̄!µb
is not a conserved current.

In the notation of Inami and Lim [3], we write the effective s̄b! vertex as

s̄
[
(q2!µ − qµq/) F1 + iσµνqν(mb R + ms L) F2

]
b, (5.2)

1 Technically, this statement is actually not true. For low energy tree-level effects, it is the process
mass scale vs MW scale that provides suppression. See below.
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Figure 1: The Feynman diagram of the FCNC process.
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The b ! s‘þ‘% transition is a flavor-changing neutral
current (FCNC) process, which, in the standard model
(SM), proceeds at lowest order via either a Z=" penguin
diagram or a WþW% box diagram. Since their amplitudes
may interfere with the contributions from non-SM particles
[1], the transition can probe the presence of yet unobserved
particles and processes. More specifically, the lepton
forward-backward asymmetry (AFB) and the differential
branching fraction as functions of dilepton invariant mass
(M‘‘) in the decays B ! K"‘þ‘% differ from the SM
expectations in various extended models [2]. The former
is largely insensitive to the theoretical uncertainties of the
form factors describing the decay, and can hence provide a
stringent experimental test of the SM. The latter has been
so far determined only with a modest precision [3,4]. It can
be used to extract the information on the coefficients
associated with the theoretical models as well.
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decays. A data sample of 657' 106 B !B pairs, correspond-
ing to 605 fb%1, collected with the Belle detector at the
KEKB asymmetric-energy eþe% collider [5] is examined.
The Belle detector is described in detail elsewhere [6].

We reconstruct B ! Kð"Þ‘þ‘% signal events in 10 final
states: Kþ#%, K0

S#
þ, Kþ#0, Kþ, and K0

S for Kð"Þ [7],
combined with either electron or muon pairs. All charged
tracks other than the K0

S ! #þ#% daughters are required
to be associated with the interaction point (IP). A track is
identified as aKþ (#þ) by combining information from the

aerogel Cherenkov and time-of-flight subsystems with
dE=dx measurements in the central drift chamber [8].

The kaon (pion) identification is more than 85% (89%)

efficient while removing more than 92% (91%) of pions
(kaons). For muon and electron candidates, requirements
on the lepton identification likelihood described in
Refs. [8,9] retain (93:4%( 2:0%) of muons and (92:3%(
1:7%) of electrons while removing (98:8%( 0:2%) and
(99:7%( 0:1%) of pions. Bremsstrahlung photons emitted
by electrons are recovered by adding neutral clusters found
within a 50 mrad cone along the electron direction. The
cluster energies are required to be between 20 and
500 MeV.
Pairs of oppositely charged tracks are used to reconstruct

K0
S ! #þ#% candidates. The invariant mass is required to

lie within the range 483–513 MeV=c2 (( 5 times the K0
S

reconstructed-mass resolution). Other selection criteria are
based on the distance and the direction of theK0

S vertex and
the distance of daughter tracks to the IP. We reconstruct
#0 ! "" candidates based on the invariant mass, mini-
mum photon energy, photon energy asymmetry, and #0

momentum as described in Ref. [9].
B-meson candidates are reconstructed by combining a

Kð"Þ candidate and a pair of oppositely charged leptons,
and selected using the beam-energy constrained mass

Mbc )
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam % p2

B

q
and the energy difference "E )

EB % Ebeam, where EB and pB are the reconstructed energy
and momentum of the B candidate in the #ð4SÞ rest frame
and Ebeam is the beam energy in this frame. Bremsstrahlung
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pling, i.e., heavy mass effects are normally decoupled, with G F power counting as
a good example.1 So, one would have thought that the effect of a heavy top would
also be decoupled. In pure QED and QCD processes, this would indeed be the case.
However, the weak interaction (or SU(2)×U(1)) is more complicated:

λt ≡
√

2
mt

v
(5.1)

is the dynamical Yukawa coupling, where v is the v.e.v. scale. The heaviness of mt

is a dynamical effect. It turns out that two powers of Yukawa couplings remain for
the Z loop calculation, which results in nondecoupling. So why does this not happen
for the photonic penguin?

It is not our purpose to present any diagrammatic calculations. However, it would
be elucidating to give an account of the subtleties that distinguishes the ! and Z
penguins, i.e., s̄b! and s̄bZ couplings. So let us try to be as lucid as possible
and explain in a language that hopefully even experimenters can grasp (see also
Footnote 3 of Chap. 4). In attempting the calculations for the diagrams of Fig. 5.1,
one would like to ignore all external masses and momenta as much as possible, since
m2

b/M2
W is small (i.e., G F m2

b is negligible). In so doing, one then discovers that the
s̄b! vertex would vanish in the m2

b/M2
W → 0 limit. Hence, to extract the s̄b! vertex,

extra care needs to be taken, and one needs to make an expansion in small external
masses and momenta, before setting them to zero. Alternatively, one recalls that the
photon, even if off-shell, couples to conserved currents. This is a requirement of
gauge invariance. A vanishing vertex is of course trivially conserved, but to have a
nontrivially conserved s̄b! vertex, the effective vertex would depend on the external
momentum and mass(es). The point is that mb and ms are of unequal mass, so s̄!µb
is not a conserved current.

In the notation of Inami and Lim [3], we write the effective s̄b! vertex as

s̄
[
(q2!µ − qµq/) F1 + iσµνqν(mb R + ms L) F2

]
b, (5.2)

1 Technically, this statement is actually not true. For low energy tree-level effects, it is the process
mass scale vs MW scale that provides suppression. See below.
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Figure 2: The decay angles of B→ K∗µ+µ−.

B→ K∗µ+µ− decay is well described with theory. Example of angular observables theoret-
ically predicted with relatively small uncertainties at low q2 µ+µ− forward-backward asymmetry
(AFB).
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We study B ! Kð"Þ‘þ‘% decays (‘ ¼ e, !) based on a data sample of 657' 106 B !B pairs collected

with the Belle detector at the KEKB eþe% collider. We report the differential branching fraction, isospin

asymmetry, K" polarization, and the forward-backward asymmetry (AFB) as functions of q
2 ¼ M2

‘‘c
2. The

fitted AFB spectrum exceeds the standard model expectation by 2.7 standard deviations. The measured

branching fractions are BðB ! K"‘þ‘%Þ ¼ ð10:7þ1:1
%1:0 ( 0:9Þ ' 10%7 and BðB ! K‘þ‘%Þ ¼ ð4:8þ0:5

%0:4 (
0:3Þ ' 10%7, where the first errors are statistical and the second are systematic, with the muon to electron

ratios RK" ¼ 0:83( 0:17( 0:08 and RK ¼ 1:03( 0:19( 0:06.

DOI: 10.1103/PhysRevLett.103.171801 PACS numbers: 13.20.He, 11.30.Er

The b ! s‘þ‘% transition is a flavor-changing neutral
current (FCNC) process, which, in the standard model
(SM), proceeds at lowest order via either a Z=" penguin
diagram or a WþW% box diagram. Since their amplitudes
may interfere with the contributions from non-SM particles
[1], the transition can probe the presence of yet unobserved
particles and processes. More specifically, the lepton
forward-backward asymmetry (AFB) and the differential
branching fraction as functions of dilepton invariant mass
(M‘‘) in the decays B ! K"‘þ‘% differ from the SM
expectations in various extended models [2]. The former
is largely insensitive to the theoretical uncertainties of the
form factors describing the decay, and can hence provide a
stringent experimental test of the SM. The latter has been
so far determined only with a modest precision [3,4]. It can
be used to extract the information on the coefficients
associated with the theoretical models as well.

In this Letter, we report measurements of the differential
branching fractions, isospin asymmetries, K" polarization,
and AFB as functions of q2 ¼ M2

‘‘c
2 for B ! Kð"Þ‘þ‘%

decays. A data sample of 657' 106 B !B pairs, correspond-
ing to 605 fb%1, collected with the Belle detector at the
KEKB asymmetric-energy eþe% collider [5] is examined.
The Belle detector is described in detail elsewhere [6].

We reconstruct B ! Kð"Þ‘þ‘% signal events in 10 final
states: Kþ#%, K0

S#
þ, Kþ#0, Kþ, and K0

S for Kð"Þ [7],
combined with either electron or muon pairs. All charged
tracks other than the K0

S ! #þ#% daughters are required
to be associated with the interaction point (IP). A track is
identified as aKþ (#þ) by combining information from the

aerogel Cherenkov and time-of-flight subsystems with
dE=dx measurements in the central drift chamber [8].

The kaon (pion) identification is more than 85% (89%)

efficient while removing more than 92% (91%) of pions
(kaons). For muon and electron candidates, requirements
on the lepton identification likelihood described in
Refs. [8,9] retain (93:4%( 2:0%) of muons and (92:3%(
1:7%) of electrons while removing (98:8%( 0:2%) and
(99:7%( 0:1%) of pions. Bremsstrahlung photons emitted
by electrons are recovered by adding neutral clusters found
within a 50 mrad cone along the electron direction. The
cluster energies are required to be between 20 and
500 MeV.
Pairs of oppositely charged tracks are used to reconstruct

K0
S ! #þ#% candidates. The invariant mass is required to

lie within the range 483–513 MeV=c2 (( 5 times the K0
S

reconstructed-mass resolution). Other selection criteria are
based on the distance and the direction of theK0

S vertex and
the distance of daughter tracks to the IP. We reconstruct
#0 ! "" candidates based on the invariant mass, mini-
mum photon energy, photon energy asymmetry, and #0

momentum as described in Ref. [9].
B-meson candidates are reconstructed by combining a

Kð"Þ candidate and a pair of oppositely charged leptons,
and selected using the beam-energy constrained mass

Mbc )
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam % p2

B

q
and the energy difference "E )

EB % Ebeam, where EB and pB are the reconstructed energy
and momentum of the B candidate in the #ð4SÞ rest frame
and Ebeam is the beam energy in this frame. Bremsstrahlung
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finds m2
t instead of m2

b as the outcome. G F m2
t is certainly not negligible compared

to α for mt above 100 GeV or so.
The source of this nondecoupling of SM heavy quarks is due to their large

Yukawa couplings. Note that heavy particle propagators in general lead to decou-
pling, i.e., heavy mass effects are normally decoupled, with G F power counting as
a good example.1 So, one would have thought that the effect of a heavy top would
also be decoupled. In pure QED and QCD processes, this would indeed be the case.
However, the weak interaction (or SU(2)×U(1)) is more complicated:

λt ≡
√

2
mt

v
(5.1)

is the dynamical Yukawa coupling, where v is the v.e.v. scale. The heaviness of mt

is a dynamical effect. It turns out that two powers of Yukawa couplings remain for
the Z loop calculation, which results in nondecoupling. So why does this not happen
for the photonic penguin?

It is not our purpose to present any diagrammatic calculations. However, it would
be elucidating to give an account of the subtleties that distinguishes the ! and Z
penguins, i.e., s̄b! and s̄bZ couplings. So let us try to be as lucid as possible
and explain in a language that hopefully even experimenters can grasp (see also
Footnote 3 of Chap. 4). In attempting the calculations for the diagrams of Fig. 5.1,
one would like to ignore all external masses and momenta as much as possible, since
m2

b/M2
W is small (i.e., G F m2

b is negligible). In so doing, one then discovers that the
s̄b! vertex would vanish in the m2

b/M2
W → 0 limit. Hence, to extract the s̄b! vertex,

extra care needs to be taken, and one needs to make an expansion in small external
masses and momenta, before setting them to zero. Alternatively, one recalls that the
photon, even if off-shell, couples to conserved currents. This is a requirement of
gauge invariance. A vanishing vertex is of course trivially conserved, but to have a
nontrivially conserved s̄b! vertex, the effective vertex would depend on the external
momentum and mass(es). The point is that mb and ms are of unequal mass, so s̄!µb
is not a conserved current.

In the notation of Inami and Lim [3], we write the effective s̄b! vertex as

s̄
[
(q2!µ − qµq/) F1 + iσµνqν(mb R + ms L) F2

]
b, (5.2)

1 Technically, this statement is actually not true. For low energy tree-level effects, it is the process
mass scale vs MW scale that provides suppression. See below.
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Figure 3: Theory predictions for the forward-backward asymmetry as function of q2.

2.2 Event Selection and signal yields in q2 bins

The selection is performed with respect to the ∼ 5.2 fb−1 data collected by CMS detector
during 2011. For dimuon trigger selection: dimuon vertex L/σ > 3 in transverse plane, the invariant
mass of dimuon is between 1 and 4.8 GeV/c2; dimuon pT from 6.5 GeV/c up to 6.9 GeV/c, single
pT of muon larger than 3 GeV/c (∼5 GeV/c with different trigger), dimuon vertex confidence level
(CL) larger than 5%, 15% (with different trigger).

Choose two oppositely charged hadrons: require no overlap with muons, pT(h) > 0.75 GeV/c,
Distance closest approach over sigma > 1.3, Kπ invariant mass differs the PDG value of K∗0 within
80 MeV/c2.

For the B0 candidate, we choose the B0 vertex CL > 9%, B0 vertex L/σ > 12 (transverse),
cosα > 0.9994 where alpha angle in transverse plane between B0 momentum and line-of-flight.

The CP state are assigned according to the K∗0 and K∗0 masses based on the closest distance
from PDG. We reject event if both K∗0 and K∗0 masses are within 50 MeV/c2 of PDG mass (∼ 1Γ)

The signal yields are shown in Figure 4, where the solid line are composed of signal, combi-
natorial background, and peaking background which comes from the feed-through from resonant
channels.

The q2 bins has been chosen according to Table 1.

q2 bin index mass range (GeV/c2)2
0 1-2
1 2 - 4.3
2 4.3 - 8.68
4 10.09 - 12.86
6 14.18 - 16
7 16 - 19

Table 1: Definition of the q2 bins. Bin 3 and 5 are J/ψ and ψ(2S) regions respectively.

2.3 Fit strategy and validation with control channels

We use unbinned maximum likelihood fits for B0 mass, θk and θl for each q2 bin to extract
FL(q2) and AFB(q2) as shown in Eq. 2.1 from Ref.[2].
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• Signal + Combinatorial background + Peaking background
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Figure 4: Signal yields in different q2 bins. Where the blue stands for signal, red for combinatorial
background and magenta for peaking background.

1
Γ

d3Γ

dcosθkdcosθldq2 =
9
16

((
2
3

FS +
4
3

AS cosθk)(1− cos2
θl) (2.1)

+ (1−FS)(2FL cos2
θk(1− cos2

θl)

+
1
2
(1−FL)(1− cos2

θk)(1+ cos2
θl)

+
4
3

AFB(1− cos2
θk)cosθl))).

where P and S wave of Kπ and their interference are also considered in the PDF, and fit from
B0→ K∗0J/ψ , FS is fraction of S-wave, AS is the interference between S and P-waves.

Using previous fit results, then fit the B0 invariant mass to extract the branching fraction:
dBF/dq2,

dBF
dq2 =

YSεNBF(B0→ K∗0J/ψ)

YSεSdq2 (2.2)

where YS, YN are yields of the signal and normalization channel, εS, εN are efficiency of the
signal and normalization channel.
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The PDF is composed of Signal: data yield, lineshape of mass (double Gaussian from MC)
and decay rate. Combinatorial background: data yield, lineshape of mass (exponential) and angles
(polynomials from MC).

p.d.f.(m,θk,θl) = YSi SM
i (m) ·SA

i (θk,θl) · εi(θk,θl) (2.3)

+ Y c
BiB

Mc
i (m) ·Bθkc

i (θk) ·Bθlc
i (θl)

+ Y p
BiB

Mp
i (m) ·Bθk p

i (θk) ·Bθl p
i (θl).

where index i runs over q2 bins.
The fitting procedure is validated with control channels, we can see the good agreement with

expected values.
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Figure 5: Validation with control channels.

The results of the measurements for the control channel J/ψ are:

• FL = 0.554±0.004(stat), compatible with the PDG value of 0.570±0.008;

• AFB =−0.004±0.004(stat), compatible with zero.

while for the control channel ψ(2S) are:

• FL = 0.509±0.016(stat), compatible with the PDG value of 0.46±0.04.

• AFB = 0.013±0.014(stat), compatible with zero.

2.4 Systematic uncertainties and fitting results

Various systematic uncertainties have been considered, the values for the FL, AFB and dBF/dq2

are listed in the Table 2. The fitting results for the three quantities according to the q2 bins are shown
in Figure 6.

To compare with the theories, a special q2 bin combines bin 1 to 6 has been calculated as
shown in figure. The results to compare with the theory can be shown in Table 3. The results can
be also compared with other experiments as shown in Figure 8.
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Sources of systematic uncertainty FL AFB dBF/dq2

Potential bias from fit ingredients 0 0-0.017 0-7.1%

Test of Γ(B0→K∗0J/ψ)
Γ(B0→K∗0ψ(2S)) 0 0 14.3%

Potential bias from fit algorithm (toy MC) 0.004-0.040 0.012-0.077 0-2.7%
Incorrect CP assignment of decay 0.002-0.006 0.002-0.006 0%
Effect of Kπ S-wave contribution 0.005-0.023 0.006-0.014 5%
Peaking background mass shape 0-0.026 0-0.008 0-15.2 %
Combinatorial background shape vs. cos(θk/l) 0.003-0.179 0.004-0.161 0-3.3%
Angular resolution 0-0.019 0 0
Signal mass shape 0 0 0.9 %
Statistical uncertainty of simulated events 0.005-0.007 0.003-0.005 1%
Total systematic uncertainty 0.027-0.185 0.018-0.179 15.5-21.5%

Table 2: Systematic uncertainties.
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Figure 6: Fitting results for FL, AFB, and dB/dq2. Error bars with edges: statistical uncertainty, edges-less
error bars: total uncertainty. Purple region: standard model properly averaged over the bin [1].
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CMS measurements:

FL:              0.68 ± 0.10 (stat) ± 0.02 (syst)

AFB:          −0.07 ± 0.12 (stat) ± 0.01 (syst)

dBF/dq2:    (4.4 ± 0.6 (stat) ± 0.7 (syst)) x 10−8 c4/GeV2

SM predictions (Phys. Rev. D 87 (2013) 034016):

FL:              0.74 + 0.06 −0.07

AFB:          −0.04 ± 0.03

dBF/dq2:    (4.9 + 1.0 −1.1) x 10−8 c4/GeV2
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Figure 7: Special q2 combines bin 1 to 6.

Variables CMS measurements SM predictions [1]
FL 0.68 ± 0.10 ± 0.02 0.74+0.06

−0.07
AFB -0.07 ± 0.12 ± 0.01 -0.04 ± 0.03
dBF/dq2 (4.4 ± 0.6 ± 0.7 ) ×10−8c4/GeV 2 4.9+1.0

−1.1×10−8c4/GeV 2

Table 3: Comparison of q2 bins from 1 to 6 has been with SM predictions, where the first uncertainty is
statistical and second is systematic.
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Comparison with other experiments

14

•BaBar: Lake Louise Winter Institute,  2012

•Belle: Phys. Rev. Lett. 103 (2009) 171801

•CDF: Phys. Rev. Lett. 108 (2012) 081807

•LHCb: Phys. Rev. Lett. 108 (2012) 181806 

•ATLAS: Beauty 2013
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Comparison with other experiments
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•BaBar: Lake Louise Winter Institute,  2012

•Belle: Phys. Rev. Lett. 103 (2009) 171801

•CDF: Phys. Rev. Lett. 108 (2012) 081807

•LHCb: Phys. Rev. Lett. 108 (2012) 181806 

•ATLAS: Beauty 2013
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Figure 8: Comparison with other experiments: BaBar: Lake Louise Winter Institute, 2012; Belle: Phys.
Rev. Lett. 103(2009) 171801; CDF: Phys. Rev. Let. 108 (2012) 081807; LHCb: Phys. Rev. Lett. 108
(2012) 181806; ATLAS: Beauty 2013.
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Bs and B0 decay to dimuons
• Doubly suppressed in the SM (FCNC,  

helicity and Cabibbo suppression)

• Well predicted in theory:

16

• Sensitive to New Physics:

1

1 Introduction
Within the Standard Model (SM) the exclusive dimuon decays of B0

s and B0 mesons are rare, as
they occur only via helicity suppressed loop diagrams. The predicted branching fractions used
in this combination are those provided in [1] :

B(B0
s ! µ+µ�)SM = (3.2 ± 0.2) ⇥ 10�9

B(B0 ! µ+µ�)SM = (1.0 ± 0.1) ⇥ 10�10.

As described in [2], the experimentally measured observable for B0
s ! µ+µ� is the time in-

tegrated branching fraction. The previous theoretical prediction should be enlarged by 9% to
take into account the time evolution of the initial state. In this note, no correction has been
applied.

Theories beyond the SM (referred to as new physics, or NP), especially those with an extended
Higgs sector, can significantly enhance these branching fractions. This is particularly true for
Supersymmetric (SUSY) models in which the contributions at high tan b can be quite large [3],
even after applying other experimental constraints [4, 5]. In fact, constrained fits to SUSY
models with few free parameters, such as CMSSM and NUHM1, are predictive enough to
provide expectations for B(B0

s ! µ+µ�) [4]:

B(B0
s ! µ+µ�)CMSSM

B(B0
s ! µ+µ�)SM

⇡ 1.2+0.8
�0.2

B(B0
s ! µ+µ�)NUHM1

B(B0
s ! µ+µ�)SM

⇡ 1.9+1.0
�0.9.

The most restrictive limits on the search for B0
s ! µ+µ� and B0 ! µ+µ� have so far been

achieved by LHCb with 1.0 fb�1 of integrated luminosity of pp collisions at
p

s = 7 TeV col-
lected in 2011 [6]:

B(B0
s ! µ+µ�) < 4.5 ⇥ 10�9 at 95% Confidence Level (C.L.)

B(B0 ! µ+µ�) < 10 ⇥ 10�10 at 95% C.L.

For B0
s ! µ+µ� the observed data show a slight excess over the background-only hypothesis

(p-value of 18%), which is consistent with the presence of a SM signal.

The LHCb collaboration had also analyzed independently 0.037 fb�1 of integrated luminosity
of pp collisions at

p
s = 7 TeV collected in 2010 [7]. This analysis provides upper limits of

B(B0
s ! µ+µ�) < 56 ⇥ 10�9 and B(B0 ! µ+µ�) < 150 ⇥ 10�10 at 95% C.L.

The ATLAS collaboration has analyzed a total of 2.4 fb�1 of pp collisions at
p

s = 7 TeV [8]. No
excess of events over the background expectation is found, giving an upper limit of B(B0

s !
µ+µ�) < 22 ⇥ 10�9 at 95% C.L.

The CMS collaboration has analyzed a total of 5 fb�1 of pp collisions at
p

s = 7 TeV collected in
2011 [9]. The number of events observed is consistent with the expectation from background
plus SM signal predictions. The resulting upper limits on the branching fractions are B(B0

s !
µ+µ�) < 7.7⇥ 10�9 and B(B0 ! µ+µ�) < 1.8⇥ 10�9 at 95% C.L. These results were calculated
using the profile likelihood test statistic with profiled nuisance parameters (including B0

s and
B0 crossfeed) and a sideband window sampling which is a very conservative approach. In the
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                         : THEORY 

• Decays highly suppressed in SM 
• Effective FCNC decay 
• Helicity suppression 
• Overall Cabibbo suppression 

Isidori & 
Paradisi  
Phys.Lett. B639 
499 (2006)  

• Enhancements in several BSM 
physics scenarios: 
• CMSSM 

 
 

• NUHM1 

Buras, Isidori & 
Paradisi  
Phys.Lett. B694 
402 (2010)  

Bs,d → +-  

Phys. Lett. B639, 499 (2006)

• CMSSW: Constrained Minimal Supersymmetric extension of the Standard Model, Phys. Rev. D 47 (1993) 376

• NUHM1: Non-Universal Higgs Mass 1 model, Phys. Rev. D 71 (2005) 095008

Figure 9: Feynman diagrams of the possible contributions from the new physics.

3. Search for Bs and B0 decay to dimuons

3.1 Motivation

Bs and B0 decay to dimuons are doubly suppressed in the SM (FCNC, helicity and Cabibbo
suppression) and are well predicted in theory [4].

BF(B0
s → µ

+
µ
−)SM = (3.2±0.2)×10−9 (3.1)

BF(B0→ µ
+

µ
−)SM = (1.0±0.1)×10−10 (3.2)

They are sensitive to new physics [5]:

BF(B0
s → µ+µ−)CMSSM

BF(B0
s → µ+µ−)SM

≈ 1.2+0.8
−0.2 (3.3)

where CMSSM stands for Constrained Minimal Supersymmetric extension of the Standard Model
[6].

BF(B0
s → µ+µ−)NUHM1

BF(B0
s → µ+µ−)SM

≈ 1.9+1.0
−0.9 (3.4)
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where NUHM1 stands for Non-Universal Higgs Mass 1 model [7].

3.2 Analysis technique and results

A blind analysis is performed and with B+ → J/ψK+ as normalization channel to remove
uncertainties on luminosity and σbb. It also helps to reduce the systematic uncertainty in BR ratio.

BF(B0
s → µ

+
µ
−) =

NS

NB+

obs

fu

fs

εB+

tot

εtot
B(B+). (3.5)

The main backgrounds are: collimated muons from two semileptonic B decays (gluon split-
ting); one muon from semileptonic B decay and one mis-identified hadron, rare decays; and peaking
(e.g. Bs→ K+K−) Non-peaking (e.g. Bs→ K+µ−ν).

Variables used in selection are: muon and dimuon pT, vertex χ2 probability, pointing angle,
impact parameter and flight length significance, dimuon isolation in the cone around the B direction.
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Signal Selection
• Variables in selection: 

• Muon and dimuon pT

• Vertex χ2 probability

• Pointing angle

• Impact parameter and flight length significance

• Dimuon isolation in a cone around the B direction 
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10 6 Results

PVN
0 5 10 15 20 25 30

ef
fic

ie
nc

y

0.75

0.8

0.85

0.9

0.95

1

1.05

) > 15
3D

(lσ/3Dl

-1CMS, 5 fb  = 7 TeVs

PVN
0 5 10 15 20 25 30

ef
fic

ie
nc

y

0.75

0.8

0.85

0.9

0.95

1

1.05

/dof < 2.02χ

-1CMS, 5 fb  = 7 TeVs

PVN
0 5 10 15 20 25 30

ef
fic

ie
nc

y

0.75

0.8

0.85

0.9

0.95

1

1.05

I > 0.80

-1CMS, 5 fb  = 7 TeVs

PVN
0 5 10 15 20 25 30

ef
fic

ie
nc

y

0.75

0.8

0.85

0.9

0.95

1

1.05

 < 2trk
closeN

-1CMS, 5 fb  = 7 TeVs

PVN
0 5 10 15 20 25 30

ef
fic

ie
nc

y

0.75

0.8

0.85

0.9

0.95

1

1.05

 > 0.015 cmca
0d

-1CMS, 5 fb  = 7 TeVs

PVN
0 5 10 15 20 25 30

ef
fic

ie
nc

y

0.75

0.8

0.85

0.9

0.95

1

1.05

) < 2
3D
δ(σ/3Dδ

-1CMS, 5 fb  = 7 TeVs

Figure 4: Efficiency versus number of primary vertices, measured with B+ ! J/yK+ candidates
in data for the requirements `3D/s(`3D) > 15, c2/dof < 2, I > 0.8, Nclose

trk < 2, and d0
ca >

0.015 cm, and d3D/s(d3D) < 2 (top left to bottom right). The line indicates a fit to a constant.
The error bars represent the statistical uncertainty only.

• Cut optimization and count in B0 and Bs mass 
windows. 

• Check robustness against pile-up variations.

• Mass sidebands for expected background estimation

•    Efficiency ratios from MC and checked in data

• “tag-and-probe” method and Bs J/ψ Φ control sample.

8 6 Results
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Figure 2: Comparison of measured and simulated B+ ! J/yK+distributions. Top row: the
transverse momentum for the leading muon, sub-leading muon, and B-candidate; middle row:
the 3D pointing angle, flight length significance, and B-candidate’s vertex c2/dof; bottom row:
the isolation variables I, Nclose

trk , and d0
ca. The MC histograms are normalized to the number of

events in the data.
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Signal Selection
• Variables in selection: 

• Muon and dimuon pT

• Vertex χ2 probability

• Pointing angle

• Impact parameter and flight length significance

• Dimuon isolation in a cone around the B direction 
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Figure 4: Efficiency versus number of primary vertices, measured with B+ ! J/yK+ candidates
in data for the requirements `3D/s(`3D) > 15, c2/dof < 2, I > 0.8, Nclose

trk < 2, and d0
ca >

0.015 cm, and d3D/s(d3D) < 2 (top left to bottom right). The line indicates a fit to a constant.
The error bars represent the statistical uncertainty only.

• Cut optimization and count in B0 and Bs mass 
windows. 

• Check robustness against pile-up variations.

• Mass sidebands for expected background estimation

•    Efficiency ratios from MC and checked in data

• “tag-and-probe” method and Bs J/ψ Φ control sample.
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Figure 2: Comparison of measured and simulated B+ ! J/yK+distributions. Top row: the
transverse momentum for the leading muon, sub-leading muon, and B-candidate; middle row:
the 3D pointing angle, flight length significance, and B-candidate’s vertex c2/dof; bottom row:
the isolation variables I, Nclose

trk , and d0
ca. The MC histograms are normalized to the number of

events in the data.

Figure 10: Example variables used in selection.

Cut optimization and count in B0 and Bs mass windows are done by cheking the robustness
against pile-up variations. Mass side-bands for expected background estimation, efficiency ratios
from MC and checked in data “tag-and-probe” method and Bs→ J/ψφ control sample.

The normalization Nnorm from invariant mass fit to B+→ J/ψK+ sample. Combinatorial back-
ground from dimuon mass side-band interpolation assuming flat distribution. Peaking background
shapes are obtained from MC.

The results are shown in Table 4. The expected upper limits and observed upper limits are
shown in Table 5.

4. Summary

First result from the angular analysis and differential branching fraction of the decay B0 →

8
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Normalization and background
• Nnorm from invariant mass fit to B+→J/ψK+ sample

19

13

populate the lower sideband.

The expected numbers of signal events Nexp
signal for the barrel and endcap channels are shown in

Table 2. They are calculated assuming the SM branching fractions [1] and are normalized to
the measured B+ yield.

The expected numbers of rare semileptonic decays and peaking background events, Nexp
peak, are

also shown in Table 2. They are evaluated from a MC simulation, which is normalized to the
measured B+ yields, and from muon misidentification rates measured in D⇤+ ! D0p+, D0 !
K�p+, and L ! pp� samples [17]. The average misidentification probabilities in the kinematic
range of this analysis are (0.10 ± 0.02)% for pions and kaons, and (0.05 ± 0.01)% for protons,
where the uncertainties are statistical. The systematic uncertainty on the background includes
the uncertainties on the production ratio (for B0

s and Lb decays), the branching fraction, and
the misidentification probability.

Also shown in Table 2 are the expected numbers of combinatorial background events Nexp
comb.

They are evaluated by interpolating into the signal window the number of events observed
in the sideband regions, after subtracting the expected rare semileptonic background. The
interpolation procedure assumes a flat background shape and has a systematic uncertainty of
4%, which is evaluated by varying the flight-length significance selections and by using a linear
background shape with a variable slope.
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Figure 5: B+ ! J/yK+ invariant-mass distributions in the barrel (left) and endcap (right) chan-
nels. The solid (dashed) lines show the fits to the data (background).

Figure 6 shows the measured dimuon invariant-mass distributions. In the sidebands the ob-
served number of events is equal to six (seven) for the barrel (endcap) channel. Six events
are observed in the B0

s ! µ+µ� signal windows (two in the barrel and four in the endcap),
while two events are observed in the B0 ! µ+µ� barrel channel and none in the endcap chan-
nel. As indicated by the numbers shown in Table 2, this observation is consistent with the SM
expectation for signal plus background.

Upper limits on the B0
s ! µ+µ� and B0 ! µ+µ� branching fractions are determined using the

CLs method [21, 22]. Table 2 lists all the values needed for the extraction of the results for both
the barrel and endcap channels. The combined upper limits for the barrel and endcap channels

• Combinatorial background from dimuon mass 
sideband interpolation assuming flat distribution

• Peaking background shapes from MC 

Figure 11: Nnorm from invariant mass fit to B+→ J/ψK+ sample.

Variable B0→ µ+µ− Barrel B0
s → µ+µ− Barrel B0→ µ+µ− Endcap B0

s → µ+µ− Endcap
εtot 0.0029±0.0002 0.0029±0.0002 0.0016±0.0002 0.0016±0.0002
Nexp

signal 0.24±0.02 2.70±0.41 0.10±0.01 1.23±0.18
Nexp

peak 0.33±0.07 0.18±0.06 0.15±0.03 0.08±0.02
Nexp

comb 0.40±0.34 0.59±0.50 0.76±0.35 1.14±0.53
Nexp

total 0.97±0.35 3.47±0.65 1.01±0.35 2.45±0.56
Nobs 2 2 0 4

Table 4: Results.
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Figure 6: Dimuon invariant-mass distributions in the barrel (left) and endcap (right) channels.
The signal windows for B0

s and B0 are indicated by horizontal lines.

are B(B0
s ! µ+µ�) < 7.7 ⇥ 10�9 (6.4 ⇥ 10�9) and B(B0 ! µ+µ�) < 1.8 ⇥ 10�9 (1.4 ⇥ 10�9)

at 95% (90%) CL. The median expected upper limits at 95% CL are 8.4 ⇥ 10�9 (1.6 ⇥ 10�9) for
B0

s ! µ+µ�(B0 ! µ+µ�), where the number of expected signal events is based on the SM
value. Including cross-feed between the B0and B0

s decays, the background-only p value is 0.11
(0.24) for B0

s ! µ+µ�(B0 ! µ+µ�), corresponding to 1.2 (0.7) standard deviations. The p value
for the background plus SM signal hypotheses is 0.71 (0.86) for B0

s ! µ+µ�(B0 ! µ+µ�).

Table 2: The event selection efficiency for signal events #tot, the SM-predicted number of signal
events Nexp

signal, the expected number of peaking background events Nexp
peak and combinatorial

background events Nexp
comb, and the number of observed events Nobs in the barrel and endcap

channels for B0
s ! µ+µ� and B0 ! µ+µ�. The quoted errors include both, the statistical and

the systematic uncertainties.

Variable B0 ! µ+µ� Barrel B0
s ! µ+µ� Barrel B0 ! µ+µ� Endcap B0

s ! µ+µ�Endcap
#tot 0.0029 ± 0.0002 0.0029 ± 0.0002 0.0016 ± 0.0002 0.0016 ± 0.0002
Nexp

signal 0.24 ± 0.02 2.70 ± 0.41 0.10 ± 0.01 1.23 ± 0.18
Nexp

peak 0.33 ± 0.07 0.18 ± 0.06 0.15 ± 0.03 0.08 ± 0.02
Nexp

comb 0.40 ± 0.34 0.59 ± 0.50 0.76 ± 0.35 1.14 ± 0.53
Nexp

total 0.97 ± 0.35 3.47 ± 0.65 1.01 ± 0.35 2.45 ± 0.56

Nobs 2 2 0 4

7 Summary
An analysis searching for the rare decays B0

s ! µ+µ� and B0 ! µ+µ� has been performed
in pp collisions at

p
s = 7 TeV. A data sample corresponding to an integrated luminosity of

5 fb�1 has been used. This result supersedes our previous measurement [9]. Stricter selection
requirements were applied, resulting in a better sensitivity and a higher expected signal-to-
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Figure 6: Dimuon invariant-mass distributions in the barrel (left) and endcap (right) channels.
The signal windows for B0

s and B0 are indicated by horizontal lines.
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Expected ULs:
BR (Bs →μμ) < 8.4×10-9@ 95% CL 

BR (Bd →μμ) < 1.6×10-9@ 95% CL 

Observed ULs:
BR (Bs →μμ) < 7.7×10-9@ 95% CL 

BR (Bd →μμ) < 1.8×10-9@ 95% CL 

Figure 12: Results in Barrel and Endcap region
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Studies of rare B meson decays with the CMS detector Xin SHI

Channel Expected ULs Observed ULs
BR (Bs→ µ+µ−) < 8.4×10−9 @ 95% CL < 7.7×10−9 @ 95% CL
BR (Bd → µ+µ−) < 1.6×10−9 @ 95% CL < 1.8×10−9 @ 95% CL

Table 5: Final Results.

K∗0µ+µ−. Stringent constraints on new physics with the search for Bs and B0 decay to dimuons.
Updates with the full 2012 data are expected soon.
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