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1 Introduction

The B+ → J/ψΛp decay is the first observed example of a B meson decay into baryons and

a charmonium state (the charge-conjugate states are implied throughout the paper). The

first evidence for the B+ → J/ψΛp decay was obtained by the BaBar Collaboration [1],

along with a measurement of its branching fraction of B(B+ → J/ψΛp) = (12+9
−6) × 10−6.

Later, this decay was observed by the Belle Collaboration and its branching fraction was

measured to be B(B+ → J/ψΛp) = (11.7±2.8+1.8
−2.3)×10−6 [2], resulting in the world-average

branching fraction of B(B+ → J/ψΛp) = (11.8± 3.1)× 10−6 [3].

The decay mode under study provides an opportunity to search for new intermediate

resonances in the J/ψΛ, J/ψp, and Λp systems. The interest in B hadron decays to

charmonium-baryon systems has increased since the observation of three pentaquark states

in Λ0
b → J/ψpK− decays by the LHCb Collaboration [4, 5]. While these states are beyond

the available phase space of the B+ → J/ψΛp decay, this process can target potential

low-mass pentaquark states in the J/ψp system, as well as new resonances in the J/ψΛ

system, where one of the new states is expected to appear close to the threshold and

represent itself as a threshold enhancement [6]. Recently, the existence of a molecular
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baryon state decaying to J/ψΛ and potentially accessible via the B+ → J/ψΛp decay has

been predicted [7].

In this paper, we report on a study of the B+ → J/ψΛp (J/ψ → µ
+
µ
−, Λ → pπ+)

decay using a data sample of proton-proton (pp) collisions collected by the CMS experiment

in 2012 at
√
s = 8TeV, corresponding to an integrated luminosity of 19.6 fb−1. Exploring

the large available integrated luminosities of pp collisions and the large production cross

section of bb pairs at the CERN LHC, the CMS experiment has developed an efficient

trigger for displaced J/ψ → µ
+
µ
− decays, described in section 3. This trigger allowed

CMS to conduct this study of the B+ → J/ψΛp decay, including the measurement of

its branching fraction and the study of the J/ψΛ, J/ψp, and Λp systems. The decay

B+ → J/ψK∗(892)+ (K∗(892)+ → K0
Sπ

+ → π
+
π
−
π
+) is chosen as the normalization

channel, because it is measured with high precision and has a similar decay topology to

the B+ → J/ψΛp decay. In what follows, the K∗(892)+ particle is denoted as K∗+. The

ratio of the branching fractions is measured using the following formula:

B(B+ → J/ψΛp)

B(B+ → J/ψK∗+)
=
N(B+→J/ψΛp)B(K∗+→K0

Sπ
+)B(K0

S→π
+
π
−)ǫ(B+→J/ψK∗+)

N(B+ → J/ψK∗+)B(Λ → pπ+)ǫ(B+ → J/ψΛp)
,

(1.1)

where N and ǫ correspond to the number of observed decays and the total efficiency of

the decay, respectively. The total efficiency includes the product of efficiencies for the

subsequent decays K∗+ → K0
Sπ

+, K0
S → π

+
π
−, and Λ → pπ+. The invariant mass

distributions of the J/ψΛ, J/ψp, and Λp systems produced in the B+ → J/ψΛp decay are

investigated using a model-independent angular analysis.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6m internal

diameter, providing a magnetic field of 3.8T. Within the solenoid volume are a silicon

pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass

and scintillator hadron calorimeter, each composed of a barrel and two endcap sections.

Forward calorimeters extend the pseudorapidity (η) coverage provided by the barrel and

endcap detectors. Muons are detected in gas-ionization chambers embedded in the steel

flux-return yoke outside the solenoid. The main subdetectors used for the present analysis

are the silicon tracker and the muon system.

The silicon tracker measures charged particles within the range |η| < 2.5. During

the LHC running period when the data used in this paper were recorded, the silicon

tracker consisted of 1440 silicon pixel and 15 148 silicon strip detector modules. The track

resolutions are typically 1.5% in transverse momentum (pT) and 25–90 (45–150)µm in the

transverse (longitudinal) impact parameter [8] for nonisolated particles with 1 < pT <

10GeV and |η| < 1.4.

Muons are measured within |η| < 2.4, with detection planes made using three technolo-

gies: drift tubes, cathode strip chambers, and resistive-plate chambers. Matching muons

to tracks measured in the silicon tracker results in a relative pT resolution of 0.8–3.0% for

muons with pT < 10GeV used in this analysis, depending on the muon |η| [9].
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Events of interest are selected using a two-tiered trigger system [10]. The first level

(L1), composed of custom hardware processors, uses information from the calorimeters and

muon detectors to select events at a rate of around 100 kHz within a time interval of less

than 4µs. The second level, known as the high-level trigger (HLT), consists of a farm of

processors running a version of the full event reconstruction software optimized for fast

processing, and reduces the event rate to around 1 kHz before data storage.

A more detailed description of the CMS detector, together with a definition of the

coordinate system used and the relevant kinematic variables, can be found in ref. [11].

3 Data sample and event selection

Data were collected with a dedicated trigger, optimized for the selection of b hadrons de-

caying to J/ψ(µ+
µ
−). The L1 trigger required two oppositely charged muons, each with

pT > 3GeV and |η| < 2.1. At the HLT, a J/ψ candidate decaying into a µ+
µ
− pair dis-

placed from the interaction point was required. Each muon must have pT > 4GeV, and the

dimuon pT must exceed 6.9GeV. The HLT demanded that J/ψ candidates reconstructed

from opposite-sign dimuons have an invariant mass between 2.9 and 3.3GeV. The three-

dimensional (3D) distance of closest approach of the two muons of a pair to each other was

required to be less than 0.5 cm. The dimuon vertex fit was required to have a transverse

decay length significance Lxy/σLxy
> 3, where Lxy and σLxy

are, respectively, the distance

from the common vertex to the beam axis in the transverse plane, and its uncertainty. Fi-

nally, the dimuon vertex fit probability, calculated using the χ2 and the number of degrees

of freedom of the vertex fit, was required to exceed 10%, while the angle α between the

dimuon pT vector and the direction connecting the beam spot and the dimuon vertex in

the transverse plane was required to satisfy cosα > 0.9.

The analysis requires two muons of opposite charge that must match those that trig-

gered the event readout. The trigger requirements are confirmed and the J/ψ candidates

are selected by tightening the dimuon mass region to be within 150MeV of the J/ψ meson

mass MPDG
J/ψ [3] (MPDG

X denotes the world-average mass of hadron X).

To reconstruct a B+ candidate, the J/ψ candidate is combined with a positively charged

particle track, assumed to be a proton track, and a Λ candidate. The track must satisfy

the CMS high-purity requirements [8]. The Λ candidates are formed from displaced two-

prong vertices under the assumption of the Λ → pπ+ decay, as described in ref. [12].

Daughter particles of the Λ candidate are refitted to a common vertex, and the vertex fit

probability must exceed 1%. The proton mass is assigned to the higher-pT daughter track.

To select the candidates in the Λ signal region, we demand that the pπ+ invariant mass

satisfy |M(pπ+)−MPDG
Λ | < 2σΛ , where the effective Λ signal resolution σΛ = 3.7MeV is

measured in data by fitting theM(pπ+) distribution with a sum of two Gaussian functions

with a common mean.

Since reliable charged hadron type identification in CMS is not possible, the contri-

bution from K0
S → π

−
π
+ decays is present in the Λ → pπ+ sample. It is removed by

demanding that the invariant mass of the two Λ candidate tracks, where both are assigned

the charged pion mass, satisfies |M(π+
π
−)−MPDG

K
0
S

| > 2σK
0
S , where the effective K0

S signal
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resolution σK
0
S = 9.2MeV is measured in data by fitting the M(π+

π
−) distribution with a

sum of two Gaussian functions with a common mean.

As the last step of the reconstruction, the kinematic vertex fit of the Λ candidate, the

proton track, and the dimuon is performed, with the dimuon mass constrained to MPDG
J/ψ ;

this vertex is referred to as the B vertex. The selected candidates are required to have

pT(J/ψ) > 7GeV, pT(Λ) > 1GeV, and pT(p) > 1GeV.

Multiple pp interactions in the same or nearby beam crossing (pileup) are present in

data, with an average multiplicity of about 20. The hard-scattering vertex in the event

with the highest cosine of the three-dimensional (3D) pointing angle between the line

connecting this vertex with the B vertex and the B+ candidate momentum is chosen

as the primary vertex (PV). The following requirement is used to select B+ candidates

consistent with originating from the PV: cosα(B+,PV) > 0.99, where α(B+,PV) is the

two-dimensional (2D) angle in the transverse plane between the B+ candidate momentum

and the vector pointing from the PV to the B vertex. The following requirement on the B

vertex displacement is also applied: Lxy(B
+)/σ

Lxy(B
+
)
> 3, where Lxy(B

+) is the distance

between the primary and B vertices in the transverse plane, and σ
Lxy(B

+
)
is its uncertainty.

The B+ candidate kinematic vertex fit probability must exceed 1%. The Λ candidate is

required to be consistent with originating from the B+ decay by requiring cosα(Λ ,B+) > 0,

where α(Λ ,B+) is the angle between the Λ momentum and the vector connecting the B+

and Λ vertices.

The normalization decay channel B+ → J/ψK∗+ (K∗+ → K0
Sπ

+ → π
+
π
−
π
+) candi-

dates are selected using the same reconstruction chain. Identical requirements are used to

select the J/ψ candidate and the π+ track from the K∗+ meson decay. The selection of the

K0
S candidates is the same as for the Λ candidates, except that the invariant mass of the can-

didate pions from the K0
S meson decay is required to satisfy |M(π+

π
−)−MPDG

K
0
S

| < 2σ
K
0
S

eff .

The contamination of the K0
S candidates from the Λ → pπ+ decay is reduced with the

requirement: |M(pπ+) −MPDG
Λ | > 2σ

Λ
eff, where the negatively charged track is assigned

the proton mass.

To calculate the reconstruction efficiency, a study based on simulated signal events is

performed. The events are generated with pythia v6.424 [13]. The B meson decays are

modeled according to a phase space decay model using evtgen v1.3.0 [14] for both the

B+ → J/ψΛp and B+ → J/ψK∗+ channels. The simulation sample corresponding to the

B+ → J/ψK∗+ decay is reweighted according to the angular distributions of the K∗+ and

J/ψ systems observed in data by applying a weight to each simulated event obtained using a

linear interpolation of the data-to-simulation ratio histogram for each angular variable. The

events are passed through a detailed CMS detector simulation based on Geant4 [15]. To

estimate reconstruction efficiencies (section 5), matching of the reconstructed candidates

to the generated particles is performed by requiring ∆R =
√

(∆η)2 + (∆φ)2 < 0.004

(0.03) for µ (p, π+, Λ, and K0
S) candidates, where ∆η and ∆φ are the differences in

the pseudorapidity and the azimuthal angle, respectively, between the momenta of the

reconstructed and generated particles.
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4 Signal yields extraction

The invariant mass distribution of the selected B+ → J/ψΛp candidates is shown in figure 1

(upper). An unbinned, extended maximum-likelihood fit with a signal plus background

hypothesis is performed on this distribution. The signal component is modeled with a

sum of three Gaussian functions with floating common mean and overall normalization,

while the widths and the relative normalizations of the three Gaussian functions are fixed

to the values obtained from simulation. The background component is parameterized by

a threshold function: (x − x0)
β , where x0 = MPDG

Λ + MPDG
J/ψ + MPDG

p and β is a free

parameter of the fit. The fit results in a signal yield of 452 ± 23 events.

Figure 1 (lower left) shows the observed B+ → J/ψK0
Sπ

+ invariant mass distribu-

tion with the requirement on the K0
Sπ

+ invariant mass to be inside a ±200MeV window

around the world-average K∗+ mass [3]. The B+ signal is modeled with a sum of two

Gaussian functions with a common mean and all the parameters floating in the fit, while

the background is described by a second-order polynomial.

In order to evaluate the pure K∗+ meson contribution, excluding other resonances in the

K0
Sπ

+ system, the background-subtracted M(K0
Sπ

+) distribution shown in figure 1 (lower

right) is fitted in the range of ±200MeV around the K∗+ mass. Background subtraction is

performed using the sPlot technique [16] with theM(J/ψK0
Sπ

+) used as the discriminating

variable. The instrumental mass resolution of the K∗+ peak is negligible in comparison

with its natural width; therefore a relativistic Breit-Wigner function is used as the signal

model, while a threshold polynomial function is chosen to model the non-K∗+ component:

(x− x
K

∗

0 )γ , where x
K

∗

0 =MPDG

K
0
S

+MPDG

π
+ and γ is a free parameter in the fit.

To obtain the observed number of B+ → J/ψK∗+ decays for the measurement of the

ratio of branching fractions, the signal Breit-Wigner function is integrated over ±50MeV

around the K∗+ mass, resulting in an yield of 20 863 ± 357 events. The efficiency of the

requirement on M(K0
Sπ

+) of being within ±50MeV of the K∗+ mass is taken into account

in the calculation of the total efficiency (section 5).

5 Efficiency calculation

The efficiency for detecting and identifying the B+ → J/ψΛp decay is calculated as the

ratio of the numbers of reconstructed to generated events in simulation. The overall ef-

ficiency includes the trigger and reconstruction efficiencies, and the detector acceptance.

The efficiency in each channel is obtained using simulated samples described in section 3.

The efficiency ratio, which is used in the measurement of the ratio of branching fractions,

is found to be ǫ(B+ → J/ψK∗+)/ǫ(B+ → J/ψΛp) = 1.347 ± 0.023, where the uncer-

tainty is statistical only and accounts for the limited event counts in the corresponding

simulated samples.

For the study of the two-body intermediate invariant masses in the B+ → J/ψΛp

decay, we perform an efficiency-correction procedure to account for detector effects. Crucial

to the investigation of the Λp system is the possibility of intermediate high-mass K∗+

resonances that can decay to Λp [3]. We list these resonances in table 1 and designate them
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Figure 1. The invariant mass distribution of the selected B+ → J/ψΛp candidates (upper). The

invariant mass distributions of J/ψK0
Sπ

+ (lower left) and K0
Sπ

+ (lower right) for the B+ → J/ψK∗+

decay candidates. The points are data and the solid curves are the results of the fits explained in

the text. The vertical bars represent the statistical uncertainty. On the lower right picture the

background-subtracted candidates using the M(J/ψK0
Sπ

+) as a discriminating variable are shown.

The dash-dotted curves show the B+ signal in the upper and lower left plots, and the K∗+ signal

in the lower right plot. The dashed lines indicate the background contributions. The vertical lines

in the lower right plot indicate the K∗+ invariant mass window used for the normalization, as

described in the text.

collectively as K∗+
2,3,4. The details of the decay B+ → J/ψK∗+

2,3,4, followed by K∗+
2,3,4 → Λp

are discussed in section 8. Because of this possibility, the efficiency is calculated as a

function of two variables: the invariant mass of the Λp system, M(Λp), and the cosine

of the K∗+
2,3,4 → Λp system helicity angle cos θK∗ , which is defined as the angle between

the Λ and B+ momentum vectors in the Λp system rest frame (as illustrated in figure 2

together with other decay angles). The 2D efficiency is calculated as the ratio of the 2D

histogram at the reconstruction level to that at the generator level. The data are corrected

for the reconstruction efficiency by applying a 1/ǫ(M(Λp), cos θK∗) weight to each event.

Efficiency values at each point in the 2D space are evaluated using a bilinear interpolation

algorithm. Since the points inside the border bins of the 2D space cannot be interpolated,

the efficiency values at these points are assumed to be the values at the centers of the

corresponding bins.
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Resonance Mass (MeV) Natural width (MeV) JP

K∗

4(2045)
+ 2045± 9 198± 30 4+

K∗

2(2250)
+ 2247± 17 180± 30 2−

K∗

3(2320)
+ 2324± 24 150± 30 3+

Table 1. The mass, width, and JP quantum numbers for the known K∗+ states [3] that can decay

to Λp.

B+ K*+J/ψ

μ+

μ− p

Λ̄

θJ/ψ θK*

ϕ

Figure 2. An illustration of the decay angles in the B+ → J/ψK∗+

2,3,4(Λp) decay.

6 Evaluation of the systematic uncertainties in the branching fraction

ratio measurement

In this section, we discuss the sources of the systematic uncertainty in the measurement of

the ratio B(B+ → J/ψΛp)/B(B+ → J/ψK∗+), defined by eq. (1.1).

Since the signal B+ → J/ψΛp and the normalization B+ → J/ψK∗+ decays have the

same topology, the systematic uncertainties related to the muon reconstruction, track re-

construction, and trigger efficiencies should almost cancel out in eq. (1.1). To check if this

is the case, simulated signal samples for both B+ → J/ψΛp and B+ → J/ψK∗+ decays

are validated by comparing distributions of variables used in the event selection between

background-subtracted data and simulated signal samples. As a result of these studies,

an additional systematic uncertainty is assigned to account for the deviation between data

and simulation in the η distributions of B+ meson for the signal and normalization chan-

nels, and the M(K0
Sπ

+) distribution for the B+ → J/ψK∗+ decay. The deviation in the

η distributions of B+ meson were taken into account by reweighting the simulated sam-

ples according to the η distributions of B+ meson observed on data and recalculating the

efficiency ratio using the reweighted simulation samples; the systematic uncertainty is cal-

culated as the difference in efficiency ratios calculated before and after reweighting. The

difference in the M(K0
Sπ

+) distribution is taken into account by altering the baseline mass

window width used for K∗+ selection of 50MeV, with 35 and 70MeV windows, and recal-

culating the final branching fraction value; the largest deviation from the value obtained

using the baseline selection is considered as systematic uncertainty.

The systematic uncertainty related to the choice of the background model is estimated

separately for the fits to the J/ψΛp, J/ψK0
Sπ

+, and K0
Sπ

+ invariant mass distributions.

To evaluate this uncertainty, several additional background modeling functions were used:
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Source Relative uncertainty (%)

Discrepancy between data and simulation 2.2

Background model in the M(J/ψΛp) distribution 1.1

Background model in the M(J/ψK0
Sπ

+) distribution 0.1

Background model in the M(K0
Sπ

+) distribution 1.2

Signal model in the M(J/ψΛp) distribution 0.9

Signal model in the M(J/ψK0
Sπ

+) distribution 0.6

Simulated sample event count 1.7

Total systematic uncertainty 3.3

Table 2. Summary of the relative systematic uncertainties in the B(B+ → J/ψΛp)/B(B+ →
J/ψK∗+) ratio.

polynomials of the first, second, and third order for the J/ψK0
Sπ

+ invariant mass distribu-

tion; and the function (x−x0)δ multiplied by polynomials of the first and second order for

the J/ψΛp and K0
Sπ

+ invariant mass distributions.

Another source of systematic uncertainty is due to the modeling of the signal shape in

the M(J/ψΛp) and M(J/ψK0
Sπ

+) invariant mass distributions. In the case of the B+ →
J/ψΛp decay, the resolution functions in the baseline fits are obtained from simulation.

The associated uncertainty is estimated by allowing the widths to float in the fit and by

adding a double-Gaussian function as a fit option. For the B+ → J/ψK∗+ decay, the

corresponding systematic uncertainty is estimated by using alternative signal models to fit

the J/ψK0
Sπ

+ invariant mass distribution, such as a sum of three Gaussian functions or

two Crystal Ball functions [17, 18].

For each of the variations, the largest deviation in the measured signal yield is used as

the systematic uncertainty. Variations of the signal and background components are per-

formed independently. The uncertainty in the relative efficiency from the simulation related

to the limited number of events in the simulated samples is considered as an additional

source of systematic uncertainty.

Table 2 summarizes the individual systematic uncertainties, as well as the total sys-

tematic uncertainty, calculated as the quadratic sum of the individual components.

7 Measurement of the ratio of branching fractions

Using the world-average values of the B(K∗+ → K0
Sπ

+), B(K0
S → π

+
π
−), B(Λ → pπ+)

branching fractions [3], the relative efficiency described in section 5, and the signal yields,

the ratio B(B+ → J/ψΛp)/B(B+ → J/ψK∗+) is measured using eq. (1.1) to be (1.054 ±
0.057 (stat)±0.035 (syst)±0.011(B))%, where the first uncertainty is statistical, the second

is systematic (as discussed in section 6), and the third is due to the uncertainties in the

world-average branching fractions of the decays involved.

From this ratio and the world-average value of B(B+ → J/ψK∗+) = (1.43 ± 0.08) ×
10−3 [3], the branching fraction B(B+ → J/ψΛp) = (15.1±0.8 (stat)±0.5 (syst)±0.9(B))×

– 8 –
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10−6 is obtained, where now the last uncertainty includes the uncertainty in the B+ →
J/ψK∗+ branching fraction. This measurement is the most precise to date.

8 Study of two-body invariant mass spectra

In this section, the invariant mass distributions of the J/ψΛ, J/ψp, and Λp two-body

combinations of the B+ → J/ψΛp decay products are investigated. To account for the

event selection efficiency, each event is assigned a weight equal to 1/ǫ(M(pΛ), cos θK∗),

where ǫ(M(Λp), cos θK∗) is obtained from simulation, as described in section 5. Background

subtraction is performed using the sPlot technique, with the J/ψΛp invariant mass as the

discriminating variable. Figure 3 shows the efficiency-corrected and background-subtracted

invariant mass distributions of the J/ψp, J/ψΛ, and Λp systems. These invariant mass

distributions are compared with the pure phase space decay hypothesis (shown by the

dashed lines), obtained from the generator-level simulation. The data are poorly described

by the pure phase space hypothesis in all three distributions. The degree of incompatibility

between the data and this hypothesis is measured using the likelihood ratio method and is

determined to be at least 6.1, 5.5, and 3.4 standard deviations for the J/ψp, J/ψΛ, and Λp

invariant mass distributions, respectively. More details of the significance calculation are

given in section 8.1. We conclude that none of the three mass spectra can be adequately

described by a pure three-body nonresonant phase space decay hypothesis, which is an

indication of more complex dynamics in the B+ → J/ψΛp decay.

There are at least three known K∗+ resonances, which we designate as K∗+
2,3,4, that

can decay to Λp, as listed in table 1 [3]. Even though the three K∗+
2,3,4 resonances listed

in table 1 are beyond the kinematic region of the B+ → J/ψΛp decay, these broad excited

kaon states can contribute to the J/ψp and J/ψΛ invariant mass distributions, altering the

pure phase space distributions.

To account for possible contributions from these resonances, we use a model-

independent approach developed by BaBar in a search for the Z(4430) resonance in the

J/ψπ+ and ψ(2S)π+ channels [19]. This approach was later used by LHCb in a similar

search for the Z(4430) particle in the ψ(2S)π+ invariant mass spectrum [20] and to sup-

port the observation of possible pentaquark states Pc(4380)
+ and Pc(4450)

+ in the J/ψp

system [21]. This method tests whether the contributions from a reflection of the resonant

Λp angular amplitudes in the J/ψΛ and J/ψp spectra are sufficient to describe the data.

The background-subtracted and efficiency-corrected cos θK∗ distribution in data is

shown in figure 4. It is clear that, unlike the simulation of B+ → J/ψΛp decay based

on a pure phase space hypothesis, shown in the same figure, the distribution from data is

not flat and has a structure that could affect the two-body invariant mass distributions

under study.

In bins of M(Λp), the cos θK∗ distribution can be expressed as an expansion in terms

of Legendre polynomials:

dN

d cos θK∗

=

lmax
∑

j=0

〈PU
j 〉Pj(cos θK∗), (8.1)
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Figure 3. The invariant mass distributions of the J/ψp (upper left), J/ψΛ (upper right), and

Λp (lower) systems from the B+ → J/ψΛp decay. The points show the efficiency-corrected,

background-subtracted data; the vertical bars represent the statistical uncertainty. Superimposed

curves are obtained from simulation: the dashed lines correspond to the pure phase space distri-

bution (HPS); the solid curves represent the phase space distribution corrected for the Λp angular

structure with the inclusion of the first eight moments, corresponding to resonances decaying to the

Λp system with maximum spin of 4 (HL8); the dotted curves show the phase space distribution

reweighted according to the cos θK∗ distribution, which is defined as the Hcos θ hypothesis. The

mentioned curves are explained in section 8.1.

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

K*
θcos

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

C
o
rr

e
c
te

d
 y

ie
ld

 /
 0

.2

Data

Phase space simulation

 (8 TeV)-119.6 fbCMS

Figure 4. The background-subtracted and efficiency-corrected cos θK∗ distribution from the data

(points with vertical bars) and the phase space simulation (shaded histogram). The vertical bars

represent the statistical uncertainty.
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where N is the efficiency-corrected and background-subtracted yield, lmax depends on the

maximum angular momentum used to describe the data, Pj are the Legendre polynomials,

and 〈PU
j 〉 are the unnormalized Legendre moments. The Legendre moments contain the

full angular information of the Λp system and can be expressed using the following formula

obtained by projecting the moments in eq. (8.1) onto a Legendre polynomial basis:

〈PU
j 〉 =

Nreco
∑

i=1

wi
sPlot

ǫi
Pj(cos θK∗), (8.2)

where Nreco is the number of selected events in each M(Λp) bin, ǫi = ǫi(cos θiK∗ ,M(Λp))

is the efficiency correction factor, obtained as described in section 5, and wi
sPlot is the sPlot

background subtraction weight.

To determine the proper value for lmax, we note that the dN/d cos θK∗ distribution

for a K∗ resonance with spin S is proportional to the square of the Wigner d function

d
S(K

∗

)
λ
K

∗ ,(λp−λ
Λ
)(θK∗), given by the following equation:

dSλ1,λ2
(θK∗) =

smax
∑

s=smin

(−1)s
√

(S + λ2)!(S − λ2)!(S + λ1)!(S − λ1)!

(S + λ2 − s)!(S − λ1 − s)!(s− λ2 + λ1)!s!
(8.3)

×
(

cos
θK∗

2

)n1
(

sin
θK∗

2

)n2

,

where n1 = 2S + λ2 − λ1 − 2s, n2 = λ1 − λ2 + 2s, λ1 = λK∗ , and λ2 = λp − λΛ are the

corresponding spin projections, and s is an integer such that:

smin = min{0, λ2 − λ1} ≥ −2S, smax = max{0, S + λ2, S − λ1} ≤ 2S. (8.4)

By expanding eq. (8.3), one can see that the maximum power of cos θK∗ in the expression

for dN/d cos θK∗ ∼ (dSλ1,λ2
(θK∗))2 is given by lmax = n1 + n2 = 2S. Similarly, if one

considers the interference between two resonances with spins S1 and S2, lmax = S1 + S2.

Consequently, in order to fully describe the contributions from the resonances listed in

table 1, including their interference, it is sufficient to consider the Legendre moments up

to twice the maximum spin of the considered resonances, i.e., lmax = 8. The dependence

of the first eight Legendre moments on M(Λp) from data is shown in figure 5. If there

were no resonant contributions to the intermediate two-body systems in the B+ → J/ψΛp

decay, the distributions shown in figure 5 would all be consistent with zero, which is not

the case.

To investigate whether the Λp angular structure caused by the K∗+
2,3,4 resonances with

spins up to four is sufficient to describe the data, a reweighting of the simulated sig-

nal sample is performed and the result is compared with the background-subtracted and

efficiency-corrected data. A significant disagreement between the data and the reweighted

simulation that accounts for the invariant mass of the Λp system and the angular structure

corresponding to the resonances with the spin up to four in the Λp system may indicate

the presence of an exotic state in the J/ψΛ or J/ψp systems. Since the data are corrected
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Figure 5. The dependence of the first eight Legendre moments on M(Λp). The vertical bars

represent the statistical uncertainty.

for the reconstruction efficiency, we use generator-level simulated samples without detector

simulation for the reweighting. The simulation is forced to reproduce the Λp invariant

mass spectrum observed in data by applying a weight to each simulated event obtained us-

ing a linear interpolation of the data-to-simulation ratio histogram. The angular structure

is introduced into the simulation by using appropriate weights, described below. To obtain
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the weights corresponding to the angular structure, eq. (8.1) is expanded as follows:

dN

d cos θK∗

=
N

2
+

lmax
∑

j=1

〈PU
j 〉Pj(cos θK∗) =

N

2

(

1 +

lmax
∑

j=1

〈

2〈PU
j 〉
N

〉

Pj(cos θK∗)

)

. (8.5)

The factor of N/2 in eq. (8.5) appears because of the Legendre polynomial normalization

convention, i.e., 〈PN
0 〉P0(cos θK∗) = 1/2. By factoring out the N/2 term from the right-

hand side of eq. (8.5), one can obtain the weights given by the following equation:

wi = 1 +

lmax
∑

j=1

〈PN
j 〉Pj(cos θK∗), (8.6)

where 〈PN
j 〉 = 2〈PU

j 〉/N corr
reco are the normalized Legendre moments and N corr

reco is the cor-

rected number of reconstructed events in each M(Λp) bin.

The templates obtained after applying the weights corresponding to the observed Λp

invariant mass structure, as well as the weights given by eq. (8.6) applied to the simulation,

are then compared with the efficiency-corrected and background-subtracted data. Results

are shown in figure 3 (solid line). As seen from the lower panel in the figure, the M(Λp)

distribution in data is well described by the reweighted simulation, which is expected by

the construction of the weights. The M(Λp) distribution is not affected by the wi weights

since the integrals of the individual Pj(x) functions over the full range in cos θK∗ are equal

to zero. It is also evident from the two upper panels in figure 3 that the description of

the M(J/ψp) and M(J/ψΛ) data distributions is improved after accounting for both the

observed angular and invariant mass structures in the Λp system.

8.1 Significance calculation

In this section, the compatibility of the data with both hypotheses of pure phase space

(HPS) and phase space augmented with the eight Legendre moments and the reweighting

of the M(Λp) distribution to describe the structure observed in data (HL8) is quantified

using the likelihood ratio technique. To test the compatibility of data with the HL8 hy-

pothesis, 2000 pseudo-experiments were generated, each with the number of signal events,

N , equal to the one observed in data, according to the probability density function corre-

sponding to this hypothesis FX(HL8), where X stands for the projection on the invariant

mass of the corresponding system. An additional hypothesis Hcos θ has a probability density

function FX(Hcos θ) that accounts for all the features in the cos θK∗ and M(Λp) distribu-

tions observed in data. It is obtained by reweighting the pure phase space simulation to

reproduce the cos θK∗ distribution in data (shown in figure 4) in each M(Λp) bin, as well

as by reweighting the M(Λp) spectrum in simulation to match the one observed in data.

Therefore, the FX(Hcos θ) function reflects the total angular structure of the Λp system

and provides the best description of the M(J/ψΛ) and M(J/ψp) invariant mass spectra.

The logarithm of the likelihood ratio is used to define the test statistic:

2∆NLL = −2
N
∑

i=1

ln
FX(HL8)

FX(Hcos θ)
, (8.7)

where the sum runs over the events in each pseudo-experiment or in data.
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The 2∆NLL distribution from the pseudo-experiments is well described by a Gaussian

function; the 2∆NLLdata value is calculated using collision data. The significance of the HL8

hypothesis incompatibility with data is calculated as the number of standard deviations

between the observed 2∆NLLdata value and the mean value of the 2∆NLL distribution

from the pseudo-experiments.

The same test is performed to quantify the incompatibility of the data with the pure

phase space hypothesis HPS, following the procedure described for the test of HL8.

There are several sources of systematic uncertainty that could affect the significance

calculation. The first source is the function used to describe the background component in

the M(J/ψΛp) distribution, which enters through the sPlot background-subtraction pro-

cedure. This uncertainty is estimated by using two alternative models for the background

component in the M(J/ψΛp) spectrum: the baseline model multiplied by a polynomial of

either first or second order. Another source of systematic uncertainty is due to statistical

fluctuations in the 2D efficiency calculation, discussed in section 5. To test how the signif-

icance is affected by these fluctuations, additional parameterizations of the 2D efficiency

are considered: a histogram with wider bins and a fit to the efficiency distribution with 2D

polynomials, with the uncertainties obtained from the fit taken into account.

The contribution of the systematic uncertainty to the significance calculation from

the kinematic requirements used in the selection of the B+ → J/ψΛp candidates is also

estimated. The effect of the requirement applied to the reflected invariant mass of the Λ

candidate daughters |M(π+
π
−)−MPDG

K
0
S

| > 2σ
K
0
S

eff is evaluated by repeating the significance

calculation without this requirement. The effect of the pT selection criteria applied to the

B+ meson and the J/ψ, Λ, and p candidates in the final state of the B+ → J/ψΛp

decay, was also tested by tightening the baseline requirements by 50% and recalculating

the significance values.

The effect of the correlation between the M(Λp), cos θK∗ , J/ψp, and J/ψΛ variables

is tested by generating pseudo-experiments according to the two-dimensional probability

density function F Y (HL8), where Y = (M(Λp), cos θK∗), and then projecting them to the

J/ψp system invariant mass. The significance values decrease on average by 30%, which

does not exceed the significance range introduced by the effects of the other systematics

sources discussed above.

Under the variations discussed above, the significance of the incompatibility of data

with the HPS is found to vary from 6.1 to 8.1, 5.5 to 7.4, and 3.4 to 4.8 standard deviations

for the J/ψp, J/ψΛ, and Λp invariant mass distributions, respectively. The incompati-

bility of data with the phase space augmented with the eight Legendre moments and the

reweighting of theM(Λp) distribution to describe the structure observed in data HL8 varies

from 1.3 to 2.8 (2.7) standard deviations for the J/ψp (J/ψΛ) invariant mass spectrum,

which allows us to conclude that the data are consistent with the HL8 hypothesis. We note

that since the quoted statistical significances for the J/ψp and J/ψΛ systems are not inde-

pendent, they cannot be combined without properly taking into account the correlation.

While the presence of new resonances in an intermediate two-body system produced in this

decay cannot be ruled out, the deviation of the data from a pure phase space model can

be adequately described by including only the known K∗+
2,3,4 resonances in the Λp system.
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9 Summary

Using a data set of proton-proton collisions collected by the CMS experiment at
√
s =

8TeV and corresponding to an integrated luminosity of 19.6 fb−1, the ratio of branching

fractions has been measured to be B(B+ → J/ψΛp)/B(B+ → J/ψK∗(892)+) = (1.054 ±
0.057 (stat)± 0.035 (syst)± 0.011(B))%. Using the world-average branching fraction of the

B+ → J/ψK∗(892)+ decay, the branching fraction of the B+ → J/ψΛp decay is determined

to be (15.1±0.8 (stat)±0.5 (syst)±0.9(B))×10−6, the most precise measurement to date.

A study of the two-body invariant mass distributions of the B+ → J/ψΛp decay products

demonstrates that these spectra cannot be adequately modeled with a pure phase space

decay hypothesis. The incompatibility of the data with this hypothesis is more than 6.1,

5.5, and 3.4 standard deviations for the J/ψp, J/ψΛ, and Λp invariant mass spectra,

respectively. A model-independent approach that accounts for the contribution from known

K∗+
2,3,4 resonances with spins up to 4 decaying to the Λp system improves the agreement

significantly, decreasing the incompatibility with data to less than three standard deviations

in both the J/ψp and J/ψΛ invariant mass spectra.
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U. Behrens, A. Bermúdez Mart́ınez, D. Bertsche, A.A. Bin Anuar, K. Borras17, V. Botta,

A. Campbell, A. Cardini, P. Connor, S. Consuegra Rodŕıguez, C. Contreras-Campana,
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F. Cavallaria, M. Cipriania,b, D. Del Rea,b, E. Di Marcoa,b, M. Diemoza, E. Longoa,b,

B. Marzocchia,b, P. Meridiania, G. Organtinia,b, F. Pandolfia, R. Paramattia,b,

C. Quarantaa,b, S. Rahatloua,b, C. Rovellia, F. Santanastasioa,b, L. Soffia,b
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S. Belfortea, V. Candelisea,b, M. Casarsaa, F. Cossuttia, A. Da Rolda,b, G. Della Riccaa,b,

F. Vazzolera,b, A. Zanettia

Kyungpook National University, Daegu, Korea

B. Kim, D.H. Kim, G.N. Kim, M.S. Kim, J. Lee, S.W. Lee, C.S. Moon, Y.D. Oh, S.I. Pak,

S. Sekmen, D.C. Son, Y.C. Yang

Chonnam National University, Institute for Universe and Elementary Particles,

Kwangju, Korea

H. Kim, D.H. Moon, G. Oh

Hanyang University, Seoul, Korea

B. Francois, T.J. Kim, J. Park

Korea University, Seoul, Korea

S. Cho, S. Choi, Y. Go, D. Gyun, S. Ha, B. Hong, K. Lee, K.S. Lee, J. Lim, J. Park,

S.K. Park, Y. Roh

Kyung Hee University, Department of Physics

J. Goh

Sejong University, Seoul, Korea

H.S. Kim

– 25 –



J
H
E
P
1
2
(
2
0
1
9
)
1
0
0

Seoul National University, Seoul, Korea

J. Almond, J.H. Bhyun, J. Choi, S. Jeon, J. Kim, J.S. Kim, H. Lee, K. Lee, S. Lee, K. Nam,

M. Oh, S.B. Oh, B.C. Radburn-Smith, U.K. Yang, H.D. Yoo, I. Yoon, G.B. Yu

University of Seoul, Seoul, Korea

D. Jeon, H. Kim, J.H. Kim, J.S.H. Lee, I.C. Park, I. Watson

Sungkyunkwan University, Suwon, Korea

Y. Choi, C. Hwang, Y. Jeong, J. Lee, Y. Lee, I. Yu

Riga Technical University, Riga, Latvia

V. Veckalns32

Vilnius University, Vilnius, Lithuania

V. Dudenas, A. Juodagalvis, G. Tamulaitis, J. Vaitkus

National Centre for Particle Physics, Universiti Malaya, Kuala Lumpur,

Malaysia

Z.A. Ibrahim, F. Mohamad Idris33, W.A.T. Wan Abdullah, M.N. Yusli, Z. Zolkapli

Universidad de Sonora (UNISON), Hermosillo, Mexico

J.F. Benitez, A. Castaneda Hernandez, J.A. Murillo Quijada, L. Valencia Palomo

Centro de Investigacion y de Estudios Avanzados del IPN, Mexico City, Mexico

H. Castilla-Valdez, E. De La Cruz-Burelo, I. Heredia-De La Cruz34, R. Lopez-Fernandez,

A. Sanchez-Hernandez

Universidad Iberoamericana, Mexico City, Mexico

S. Carrillo Moreno, C. Oropeza Barrera, M. Ramirez-Garcia, F. Vazquez Valencia

Benemerita Universidad Autonoma de Puebla, Puebla, Mexico

J. Eysermans, I. Pedraza, H.A. Salazar Ibarguen, C. Uribe Estrada

Universidad Autónoma de San Luis Potośı, San Luis Potośı, Mexico
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22: Also at MTA-ELTE Lendület CMS Particle and Nuclear Physics Group, Eötvös Loránd
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67: Also at Karamanoğlu Mehmetbey University, Karaman, Turkey

68: Also at Vilnius University, Vilnius, Lithuania

69: Also at Bingol University, Bingol, Turkey

70: Also at Georgian Technical University, Tbilisi, Georgia

71: Also at Sinop University, Sinop, Turkey

72: Also at Mimar Sinan University, Istanbul, Istanbul, Turkey

73: Also at Texas A&M University at Qatar, Doha, Qatar

74: Also at Kyungpook National University, Daegu, Korea, Daegu, Korea

75: Also at University of Hyderabad, Hyderabad, India

– 37 –


	Introduction
	The CMS detector
	Data sample and event selection
	Signal yields extraction
	Efficiency calculation
	Evaluation of the systematic uncertainties in the branching fraction ratio measurement
	Measurement of the ratio of branching fractions
	Study of two-body invariant mass spectra
	Significance calculation

	Summary
	The CMS collaboration

