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Outline  

  

•  Introduction 

•  Study of b baryons masses 

•  Bc  physics 

•  Exotic spectroscopy: Determination of the X(3872) quantum 
numbers 

•  Summary + Outlook 

Selected highlights of a wide and fast moving program  

+ open charm mass 
measurements 
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Introduction  

  •  Comparision of properties such as lifetimes and masses 

•  Searches for new/exotic resonances  

J/ψ 
LHCb great place to do these studies !  

•  Huge samples of dimuon decays 

•  Excellent detector resolution 

•  Well understood performance 

Measurements of properties of heavy hadrons provide important 
tests of our understanding of QCD 
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b baryons  

  

Until recently very poorly explored 

Weakly decaying Λb, Ξb
-, Ωb

- observed 
+ strong decaying charged Σb 
 
Excited states Λb

* states seen by LHCb 
Phys. Rev. Lett. 109:172003 (2012) 

Puzzle from the Tevatron  CDF/D0 agree on Ξb
- mass of but have widely  

different masses for Ωb
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b baryons: Ξb
-, Ωb

-  
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Study of Ξb
-, Ωb

-, (+Λb) with 1 fb-1 of data 
collected in 2011  
 
Use decays containing J/ψ in final state 
 
Profit from good knowledge of momentum 
scale (3 × 10-4)  

111 ± 12 
candidates 

19 ± 5 
candidates 
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b baryons: Ξb
-, Ωb

-   
M(Λ0

b) = 5619.53 ± 0.13 (stat) ± 0.45 (syst) MeV/c2,
M(Ξ−

b ) = 5795.8 ± 0.9 (stat) ± 0.4 (syst) MeV/c2,
M(Ω−

b ) = 6046.0 ± 2.2 (stat) ± 0.5 (syst) MeV/c2,

while the differences with respect to the Λ0
mass are

Main systematic: momentum scale 
 
Result for Ωb

- agrees with CDF/theory  
predictions  
 
Most precise measurements for Λb, Ξb

-, Ωb
-  

Our  
averages 
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Bc physics  

  

From Godfrey, PRD 70, 054017
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Bc Mass Spectrum 

1
-

Lucio Anderlini – QCD measurements and (double) charm production at LHCb La Thuile – February 26
th

, 2013 Backup slide 2

Ground state is unique meson 
containing two heavy quarks 
decaying weakly 
 
Ideal testing ground for QCD 
models 
 
Largely unexplored 

Winter 2013: Observation of three new modes by LHCb 

+ new measurement of the mass 

B+
c → J/ψD+(∗)

s B+
c → ψ(2S)π+



B+
c

J/ψ

D+
s

µ+

µ−

π+

K+

K−

1 Introduction1

The B+
c meson, the ground state of the b̄c system is unique by being the only weakly2

decaying heavy quarkonium system. Its lifetime [1, 2] is almost three times smaller than3

that of other beauty mesons, pointing to the important role of the charm quark in weak4

B+
c decays. The B+

c meson was first observed through its semileptonic decay B+
c →5

J/ψ�+ν�X [3]. Only three other hadronic modes have been observed: B+
c → J/ψπ+ [4],6

B+
c → J/ψπ+π+π− [5] and B+

c → ψ(2S)π+ [6].7

In this paper the first observations of the decays B+
c → J/ψD+

s and B+
c → J/ψD∗+

s are8

reported. The Feynman diagrams for these decays are shown in Fig. 1. The decay9

B+
c → J/ψD+

s is expected to proceed mainly through spectator and colour suppressed10

spectator diagrams. In contrast to decays of other beauty hadrons, the weak annihilation11

topology is not suppressed and can contribute to the decay amplitude.12

a) b) c)
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Figure 1: Feynman diagrams for B
+
c → J/ψD

+
s decays: (a) spectator, (b) colour suppressed

spectator and (c) annihilation topology.

Assuming that the spectator diagram dominates and that factorization holds, the

following approximation can be established

RD+
s/π+ ≡

Γ (B+
c → J/ψD+

s )

Γ (B+
c → J/ψπ+)

≈
Γ

�
B→ D∗D+

s

�

Γ
�
B→ D∗π+

� (1a)

RD∗+
s /D+

s
≡

Γ (B+
c → J/ψD∗+

s )

Γ (B+
c → J/ψD+

s )
≈

Γ
�
B→ D∗D∗+

s

�

Γ
�
B→ D∗D+

s

� (1b)

where B stands for B+ or B0, D∗ denotes D
∗0

or D∗− and the values of the branching13

fractions for B → D∗D+
s and B → D∗π+ decays are taken from Ref. [1], Phase space14

corrections amount to O(0.5%) for Eq. (1a) and can be as large as 28% for Eq. (1b),15

depending on the relative orbital momentum. Values for the relative branching ratios16

estimated in this way, together with more detailed theoretical calculations, are listed in17

Table 1.18

The analysis presented here is based on a data sample corresponding to an integrated19

luminosity of 3 fb−1
collected using the LHCb detector during 2011 and 2012 in pp collisions20

at centre-of-mass energies of 7 and 8TeV, respectively. The decay B
+
c → J/ψπ+

is used as a21

1
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Bc
+  J/ψ Ds

(*)+  
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Annilhation Spectator Colour suppressed 
spectator 

Spectator diagram expected  to dominate 
 
Measure: 
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where B stands for B+ or B0, D∗ denotes D
∗0

or D∗− and the values of the branching13

fractions for B → D∗D+
s and B → D∗π+ decays are taken from Ref. [1], Phase space14

corrections amount to O(0.5%) for Eq. (1a) and can be as large as 28% for Eq. (1b),15

depending on the relative orbital momentum. Values for the relative branching ratios16

estimated in this way, together with more detailed theoretical calculations, are listed in17

Table 1.18

The analysis presented here is based on a data sample corresponding to an integrated19

luminosity of 3 fb−1
collected using the LHCb detector during 2011 and 2012 in pp collisions20

at centre-of-mass energies of 7 and 8TeV, respectively. The decay B
+
c → J/ψπ+

is used as a21

1

Theory predictions for R in range 1.2 – 2.9 
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Bc
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Figure 2: Mass distributions for selected J/ψD+
s pairs. The overlaid curve shows the result

of a fit to the model described in the text. The insert shows a zoom of the B+
c mass region

with finer binning.

The statistical significance for the B+
c → J/ψD+

s signal is estimated from the change135

in the likelihood function Sσ =
�

2 log
LB+S
LB , where LB is likelihood of a background-only136

Table 4: Results for the signal parameters of the fit shown in Fig. ??.

Parameter Value

mB+
c

[ MeV/c2
] 6276.28± 1.44

σB+
c

[ MeV/c2
] 7.0± 1.1

NB+
c →J/ψD+

s
28.9± 5.6

NB+
c →J/ψD∗+

s

NB+
c →J/ψD+

s

2.37± 0.56

f±± [%] 52± 20

6

Significance for both signals > 7σ  

B+
c → J/ψD+

s

First analysis to use full 2011+12 dataset (~ 3fb-1) ! 

partially reconstructed

B+
c → J/ψD∗+
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Bc
+  J/ψ Ds

(*)+  

  

where the value of BD+
s

= B
�
D

+
s → (K

−
K

+
)φ π+

�
with the mass of the kaon pair within229

±20MeV/c2
of the nominal value of the φ mass reported in Ref. [35] is used, together with230

the ratio of efficiencies, and the signal yields given in Sects. ?? and ??. This gives231

B (B
+
c → J/ψD

+
s )

B (B+
c → J/ψπ+)

= 2.96± 0.67 (stat)± 0.25 (syst).

The value obtained is in agreement with the expectations from naive factorization (Eq. (1a))232

and the values from Ref. [8]. There is some tension with the values 1.3 from Ref. [7] and233

1.2 from Ref. [10].234

The ratio of branching fractions for B+
c → J/ψD∗+

s and B+
c → J/ψD+

s is measured to235

be236

B (B
+
c → J/ψD

∗+
s )

B (B+
c → J/ψD+

s )
= 2.36± 0.56 (stat)± 0.10 (syst).

This result is in agreement with the naive factorization hypothesis (Eq. (1b)) and with237

the predictions of Refs. [7, 8].238

The fraction of the A±± amplitude in the B
+
c → J/ψD

∗+
s decay is measured to be239

Γ±± (B
+
c → J/ψD

∗+
s )

Γtot (B+
c → J/ψD∗+

s )
= (52± 21)%,

in agreement with a simple estimate of
2
3 .240

The mass of the B
+
c meson, as well as the mass difference between the B

+
c and D

+
s mesons

are measured to be

mB+
c

= 6276.28± 1.44 (stat)± 0.36 (syst) MeV/c2,

mB+
c
−mD+

s
= 4307.97± 1.44 (stat)± 0.11 (syst) MeV/c2.

The B+
c mass measurement is in good agreement with the previous result obtained by241

LHCb in the B
+
c → J/ψπ+

mode [28] and has smaller systematic uncertainty.242
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1 Introduction1

The B+
c meson, the ground state of the b̄c system is unique by being the only weakly2

decaying heavy quarkonium system. Its lifetime [1, 2] is almost three times smaller than3

that of other beauty mesons, pointing to the important role of the charm quark in weak4

B+
c decays. The B+

c meson was first observed through its semileptonic decay B+
c →5

J/ψ�+ν�X [3]. Only three other hadronic modes have been observed: B+
c → J/ψπ+ [4],6

B+
c → J/ψπ+π+π− [5] and B+

c → ψ(2S)π+ [6].7

In this paper the first observations of the decays B+
c → J/ψD+

s and B+
c → J/ψD∗+

s are8

reported. The Feynman diagrams for these decays are shown in Fig. 1. The decay9

B+
c → J/ψD+

s is expected to proceed mainly through spectator and colour suppressed10

spectator diagrams. In contrast to decays of other beauty hadrons, the weak annihilation11

topology is not suppressed and can contribute to the decay amplitude.12
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Figure 1: Feynman diagrams for B
+
c → J/ψD

+
s decays: (a) spectator, (b) colour suppressed

spectator and (c) annihilation topology.

Assuming that the spectator diagram dominates and that factorization holds, the

following approximation can be established

RD+
s/π+ ≡

Γ (B+
c → J/ψD+

s )

Γ (B+
c → J/ψπ+)

≈
Γ

�
B→ D∗D+

s

�

Γ
�
B→ D∗π+

� (1a)

RD∗+
s /D+

s
≡

Γ (B+
c → J/ψD∗+

s )

Γ (B+
c → J/ψD+

s )
≈

Γ
�
B→ D∗D∗+

s

�

Γ
�
B→ D∗D+

s

� (1b)

where B stands for B+ or B0, D∗ denotes D
∗0

or D∗− and the values of the branching13

fractions for B → D∗D+
s and B → D∗π+ decays are taken from Ref. [1], Phase space14

corrections amount to O(0.5%) for Eq. (1a) and can be as large as 28% for Eq. (1b),15

depending on the relative orbital momentum. Values for the relative branching ratios16

estimated in this way, together with more detailed theoretical calculations, are listed in17

Table 1.18

The analysis presented here is based on a data sample corresponding to an integrated19

luminosity of 3 fb−1
collected using the LHCb detector during 2011 and 2012 in pp collisions20

at centre-of-mass energies of 7 and 8TeV, respectively. The decay B
+
c → J/ψπ+

is used as a21
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Table 1.18

The analysis presented here is based on a data sample corresponding to an integrated19

luminosity of 3 fb−1
collected using the LHCb detector during 2011 and 2012 in pp collisions20

at centre-of-mass energies of 7 and 8TeV, respectively. The decay B
+
c → J/ψπ+

is used as a21

1

Consistent with spectator dominance + naïve factorization 

~ 1.6 - 2.9 

~ 2.1 – 2.2 

Results: 

28.9 ± 5.6 
candidates  

68.4 ± 9.6 
candidates  

[Dominant systematic Ds
+ K+K-π+ branching ratio] 
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Bc
+ mass measurement  

Low Q-value of the Bc
+  J/ψ Ds

+ decay allows precision measurement  
of the Bc mass 

Other important systematic is Ds
+ mass. Profit from new LHCb 

measurements of D meson mass differences to minimize this. 

LH
C

b-
Pa

pe
r-2

01
3-

01
1 

Intermezzo: Table 3: LHCb measurements, compared to the best previous measurements and to the results

of a global fit to available open charm mass data [4]. The quoted uncertainties are the quadratic
sums of the statistical and systematic contributions. All values are in MeV/c2.

LHCb Best previous
Quantity

measurement measurement
PDG fit

M(D0
) 1864.75± 0.19 1864.85± 0.18 [5] 1864.86± 0.13

M(D+
)−M(D0

) 4.76± 0.14 4.7 ± 0.3 [7] 4.76± 0.10

M(D+
s )−M(D+

) 98.68± 0.05 98.4 ± 0.3 [10] 98.88± 0.25

6 Summary219

Measurements of D meson masses and mass differences have been performed using 1 fb
−1

220

of pp collision data collected at a centre-of-mass energy of
√

s = 7 TeV with the LHCb221

detector. The results are222

M(D0
) = 1864.75 ± 0.15 (stat) ± 0.11 (syst) MeV/c2

,

M(D+
) − M(D0

) = 4.76 ± 0.11 (stat) ± 0.07 (syst) MeV/c2
,

M(D+
s ) − M(D+

) = 98.68 ± 0.03 (stat) ± 0.04 (syst) MeV/c2
.

223

The dominant systematic uncertainty is related to the knowledge of the momentum scale.224

As shown in Table 3, these measurements are in agreement with previous measure-225

ments [4]. The results for the mass differences have smaller uncertainty than any previously226

reported value. The measured value of the D0 mass has a similar precision to the published227

CLEO result [5]. The results for the D0 mass reinforce the conclusion that if the X(3872)228

state is a molecule it is extremely loosely bound.229

The measurements presented here, together with those given in Ref.. [4] for the D+
230

and D0 mass, and the mass differences M(D+)−M(D0), M(D+
s ) - M(D+) can be used231

to determine a more precise value of the D+
s mass232

M(D+
s ) = 1968.19± 0.20± 0.14± 0.08 MeV/c2

where the first uncertainty is the quadrature sum of the statistical and uncorrelated233

systematic uncertainty, the second is due to the momentum scale and the third due to the234

energy loss. This value is consistent with but more precise than that obtained from the fit235

to open charm mass data, M(D+
s ) = 1968.47± 0.33 MeV/c2 [4]. Averaging the two values236

gives237

M(D+
s ) = 1968.31± 0.20 MeV/c2.

238
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Bc
+ mass measurement  

Table 3: LHCb measurements, compared to the best previous measurements and to the results

of a global fit to available open charm mass data [4]. The quoted uncertainties are the quadratic
sums of the statistical and systematic contributions. All values are in MeV/c2.

LHCb Best previous
Quantity

measurement measurement
PDG fit

M(D0
) 1864.75± 0.19 1864.85± 0.18 [5] 1864.86± 0.13

M(D+
)−M(D0

) 4.76± 0.14 4.7 ± 0.3 [7] 4.76± 0.10

M(D+
s )−M(D+

) 98.68± 0.05 98.4 ± 0.3 [10] 98.88± 0.25

6 Summary219

Measurements of D meson masses and mass differences have been performed using 1 fb
−1

220

of pp collision data collected at a centre-of-mass energy of
√

s = 7 TeV with the LHCb221

detector. The results are222

M(D0
) = 1864.75 ± 0.15 (stat) ± 0.11 (syst) MeV/c2

,

M(D+
) − M(D0

) = 4.76 ± 0.11 (stat) ± 0.07 (syst) MeV/c2
,

M(D+
s ) − M(D+

) = 98.68 ± 0.03 (stat) ± 0.04 (syst) MeV/c2
.

223

The dominant systematic uncertainty is related to the knowledge of the momentum scale.224

As shown in Table 3, these measurements are in agreement with previous measure-225

ments [4]. The results for the mass differences have smaller uncertainty than any previously226

reported value. The measured value of the D0 mass has a similar precision to the published227

CLEO result [5]. The results for the D0 mass reinforce the conclusion that if the X(3872)228

state is a molecule it is extremely loosely bound.229

The measurements presented here, together with those given in Ref.. [4] for the D+
230

and D0 mass, and the mass differences M(D+)−M(D0), M(D+
s ) - M(D+) can be used231

to determine a more precise value of the D+
s mass232

M(D+
s ) = 1968.19± 0.20± 0.14± 0.08 MeV/c2

where the first uncertainty is the quadrature sum of the statistical and uncorrelated233

systematic uncertainty, the second is due to the momentum scale and the third due to the234

energy loss. This value is consistent with but more precise than that obtained from the fit235

to open charm mass data, M(D+
s ) = 1968.47± 0.33 MeV/c2 [4]. Averaging the two values236

gives237

M(D+
s ) = 1968.31± 0.20 MeV/c2.
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M(D+
s ) = 1968.47± 0.33 MeV/c2

M(D+
s ) = 1968.31± 0.20 MeV/c2

where the value of BD+
s

= B
�
D

+
s → (K

−
K

+
)φ π+

�
with the mass of the kaon pair within229

±20MeV/c2
of the nominal value of the φ mass reported in Ref. [35] is used, together with230

the ratio of efficiencies, and the signal yields given in Sects. ?? and ??. This gives231

B (B
+
c → J/ψD

+
s )

B (B+
c → J/ψπ+)

= 2.96± 0.67 (stat)± 0.25 (syst).

The value obtained is in agreement with the expectations from naive factorization (Eq. (1a))232

and the values from Ref. [8]. There is some tension with the values 1.3 from Ref. [7] and233

1.2 from Ref. [10].234

The ratio of branching fractions for B+
c → J/ψD∗+

s and B+
c → J/ψD+

s is measured to235

be236

B (B
+
c → J/ψD

∗+
s )

B (B+
c → J/ψD+

s )
= 2.36± 0.56 (stat)± 0.10 (syst).

This result is in agreement with the naive factorization hypothesis (Eq. (1b)) and with237

the predictions of Refs. [7, 8].238

The fraction of the A±± amplitude in the B
+
c → J/ψD

∗+
s decay is measured to be239

Γ±± (B
+
c → J/ψD

∗+
s )

Γtot (B+
c → J/ψD∗+

s )
= (52± 21)%,

in agreement with a simple estimate of
2
3 .240

The mass of the B
+
c meson, as well as the mass difference between the B

+
c and D

+
s mesons

are measured to be

mB+
c

= 6276.28± 1.44 (stat)± 0.36 (syst) MeV/c2,

mB+
c
−mD+

s
= 4307.97± 1.44 (stat)± 0.11 (syst) MeV/c2.

The B+
c mass measurement is in good agreement with the previous result obtained by241

LHCb in the B
+
c → J/ψπ+

mode [28] and has smaller systematic uncertainty.242
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First observation of this mode using 1 fb-1 of data collected in 2011 

fractions is measured to be

B(B+
c → ψ(2S)π+,ψ(2S)→ µ+µ−)

B(B+
c → J/ψπ+, J/ψ → µ+µ−)

= 0.033± 0.009 (stat)± 0.002 (syst).

Furthermore, taking B(J/ψ → e+e−) = (5.94 ± 0.06)% and B(ψ(2S) → e+e−) =
(7.73 ± 0.17) × 10−3 [16] and assuming universality of the electroweak interaction, we
obtain

B(B+
c → ψ(2S)π+)

B(B+
c → J/ψπ+)

= 0.250± 0.068 (stat)± 0.014 (syst)± 0.006 (B),

where the last term accounts for the uncertainty on B(ψ(2S)→ µ+µ−)/B(J/ψ → µ+µ−).
This result favours the prediction made by the relativistic quark model [9] in comparison
with the other models.
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20 ± 5 events 595 ± 29 events 

Table 1: Relative systematic uncertainties.

Component Value (%)

BDT selection 4.5

Signal shape 1.7

Background shape 2.9

Simulation sample size 0.9

Total 5.7

distributions of training variables are very similar for the two channels. The ratio of signal

yields is measured for different cuts on the BDT response, and is constant within the

statistical uncertainties. The average of these ratios differs from the nominal value by

4.5%, which is taken as the systematic uncertainty due to the BDT selection.

The B+
c → ψ(2S)π+

signal is fitted with a double-sided Crystal Ball function. Al-

ternatively we determine the signal shape directly from the simulation using kernel

estimation [29], and convolve it with a Gaussian function to take into account the detector

resolution while allowing the mean of the mass to vary. This results in a 1.7% difference

with respect to the nominal ratio, which is taken as the uncertainty due to the signal

shape.

To consider the contribution from partially reconstructed background, the background is

fitted with an exponential function within a narrower range (6164 < Mψπ < 6500 MeV/c2).
This results in a 2.9% change with respect to the nominal fit, and is assigned as a systematic

uncertainty.

The statistical uncertainty on the simulation when estimating the ratio of efficiencies

leads to an uncertainty of 0.9% on the ratio of branching fractions. The difference between

data and simulation introduces a systematic uncertainty, especially from variables used

as input for the BDT. The distributions of these variables in simulation and data are

compared, after the background is subtracted from the data using the sPlot technique [30].

The difference is found to be negligible compared to the statistical fluctuation.

A summary of systematic uncertainties is given in Table 1. The total systematic

uncertainty is 5.7%, with the most significant contribution coming from the BDT selec-

tion. Taking the systematic uncertainty into account and using the likelihood ratio test�
−2 log(LB/LS+B) [31], the significance of the B+

c → ψ(2S)π+
decay is estimated to be a

5.2 σ, where LB and LS+B represent the likelihood of the background-only hypothesis and

the signal-plus-background hypothesis respectively.

In summary, a search for the decay B+
c → ψ(2S)π+

has been performed using a data

sample corresponding to an integrated luminosity of 1.0 fb
−1

at
√
s = 7 TeV collected

by LHCb in 2011. The signal yield is 20± 5 candidates, making the first observation of

this decay channel. Using B+
c → J/ψπ+

as normalisation channel, the ratio of branching

4

B(B+
c → ψ(2S)π+)

B(B+
c → J/ψπ+)

∼ 0.13− 0.42

Systematics 

Theory predictions 
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X(3872)  

  •  Properties well measured: 

•   Mass known to <0.2 MeV and width, < 1 MeV 

•   Quantum number restricted to 1++ or 2-+ 

•  But its nature is still uncertain: conventional charmonium, DD* 
molecule, ηc2 (11D2) if 2-+ ,  or tetraquark ? 

•  If 1++ exotic interpretations favoured 
 

First of the exotic charmonium states discovered by Belle in 2003 
in b meson decays (PRL. 91, 262001 2003) 
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X(3872) Quantum Numbers  
X(3872) JPC determined using 1 fb-1 of data collected in 2011 

313± 26 B+ → X(3872)K+candidates

ar
X

iv
:1

30
2.

62
69

 

X(3872)→ J/ψπ+π−
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X(3872) Quantum Numbers  
Full angular analysis in 5-D considering all angular correlations 

Analysis performed in helicity basis 
 
JPC = 1++ no free parameters  
 
JPC = 2-+ one complex parameter α 
 
Neymann-Pearson test [ratio  
of the likelihoods] to discriminate 
between two hypotheses 
 
Data favour 1++ assignment 
 
2-+ hypothesis rejected at > 8σ  

JPC = 1++  X(3872) is exotic  

!"#$%&'()*+,-.(/-01*1213*

#4
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X(3872): Next Steps 
The X(3872) is not a conventional quarkonium state.  But what is it ?  

•  Bound D-D* molecule [arXiv: hep-phy/0402237] 

•  Tetraquark state [arXiv:hep-ph/0412098] 

•  χc1(23P1) charmonium-molecule mixture [arXiv:1106.1185] 

  More measurements are needed to elucidate nature of the X(3872) 

•  More precise measurements of the X(3872) [+ D masses] 

•   Natural width 

•  Production properties + decay modes 

•  Searches for other states 
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X(3872) mass 
Binding energy of X(3872) is small 

•    

•  Remains open if really is bound 
molecule 

•  More precise measurements needed 

EB = 0.16± 0.26 MeV/c2

Eur. Phys. J. C (2012) 72:1972 Page 3 of 9

fit of the reconstructed J/ψπ+π− mass in the interval
3.60 < MJ/ψππ < 3.95 GeV/c2. The ψ(2S) and X(3872)

signals are each described with a non-relativistic Breit–
Wigner function convolved with a Gaussian resolution func-
tion. The intrinsic width of the ψ(2S) is fixed to the PDG
value, Γψ(2S) = 0.304 MeV/c2 [25]. The Belle collabora-
tion recently reported [7] that the X(3872) width is less than
1.2 MeV/c2 at 90 % confidence level; we fix the X(3872)

width to zero in the nominal fit. The ratio of the mass reso-
lutions for the X(3872) and the ψ(2S) is fixed to the value
estimated from the simulation, σ MC

X(3872)/σ
MC
ψ(2S) = 1.31.

Studies using the same-sign pion candidates show that
the background shape can be described by the functional
form f (M) ∝ (M − mth)

c0 exp(−c1M − c2M
2), where

mth = mJ/ψ + 2mπ = 3376.05 MeV/c2 [25] is the mass
threshold and c0, c1 and c2 are shape parameters. To im-
prove the stability of the fit, the parameter c2 is fixed to the
value obtained from the same-sign pion sample.

In total, the fit has eight free parameters: three yields
(ψ(2S), X(3872) and background), two masses (ψ(2S) and
X(3872)), one resolution parameter, and two background
shape parameters. The correctness of the fitting procedure
has been checked with simplified Monte Carlo samples,
fully simulated Monte Carlo samples, and samples contain-
ing a mixture of fully simulated Monte Carlo signal events
and same-sign background events taken from the data. The
fit results are shown in Fig. 1 and Table 1. The fit does not
account for QED radiative corrections and hence underesti-
mates the masses. Using a simulation based on PHOTOS [19]
the biases on the X(3872) and ψ(2S) masses are found to be
−0.07 ± 0.02 MeV/c2 and −0.02 ± 0.02 MeV/c2, respec-
tively. The fitted mass values are corrected for these biases
and the uncertainties propagated in the estimate of the sys-
tematic error.

Several other sources of systematic effects on the mass
measurements are considered. For each source, the com-
plete analysis is repeated (including the track fit and the
momentum scale calibration when needed) under an alter-
native assumption, and the observed change in the central
value of the fitted masses relative to the nominal results
assigned as a systematic uncertainty. The dominant source
of uncertainty is the calibration of the momentum scale.
Based on checks performed with reconstructed signals of
various mesons decaying into two-body final states (such

as π+π−, K∓π± and µ+µ−) a relative systematic uncer-
tainty of 0.02 % is assigned to the momentum scale [15],
which translates into a 0.10 (0.08) MeV/c2 uncertainty on
the X(3872) (ψ(2S)) mass. After the calibration procedure
with the J/ψ → µ+µ− decay, a ±0.07 % variation of the
momentum scale remains as a function of the particle pseu-
dorapidity η. To first order this effect averages out in the
mass determination. The residual impact of this variation is
evaluated by parameterizing the momentum scale as func-
tion of η and repeating the analysis. The systematic uncer-
tainty associated with the momentum calibration indirectly
takes into account any effect related to the imperfect align-
ment of the tracking stations. However, the alignment of
the VELO may affect the mass measurements through the
determination of the horizontal and vertical slopes of the
tracks. This is investigated by changing the track slopes by
amounts corresponding to the 0.1 % relative precision with
which the length scale along the beam axis is known [26].
Other small uncertainties arise due to the limited knowl-
edge of the X(3872) width and the modeling of the reso-
lution. The former is estimated by fixing the X(3872) width
to 0.7 MeV/c2 instead of zero, as suggested by the likeli-
hood published by Belle [7]. The latter is estimated by fix-
ing the ratio σX(3872)/σψ(2S) using the covariance estimates

Fig. 1 Invariant mass distribution of J/ψπ+π− (points with statis-
tical error bars) and same-sign J/ψπ±π± (filled histogram) candi-
dates. The curves are the result of the fit described in the text. The inset
shows a zoom of the X(3872) region

Table 1 Results of the fit to the
J/ψπ+π− invariant mass
distribution of Fig. 1

Fit parameter or derived quantity ψ(2S) X(3872)

Number of signal events 3998 ± 83 565 ± 62

Mass m [ MeV/c2] 3686.10 ± 0.06 3871.88 ± 0.48

Resolution σ [ MeV/c2] 2.54 ± 0.06 3.33 ± 0.08

Signal-to-noise ratio in ±3σ window 1.5 0.15

Number of background events 73094 ± 282

Eur. Phys. J. C (2012) 72:1972
DOI 10.1140/epjc/s10052-012-1972-7
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Abstract Using 34.7 pb−1 of data collected with the LHCb
detector, the inclusive production of the X(3872) meson in
pp collisions at

√
s = 7 TeV is observed for the first time.

Candidates are selected in the X(3872) → J/ψπ+π− de-
cay mode, and used to measure

σ
(
pp → X(3872) + anything

)
B

(
X(3872) → J/ψπ+π−)

= 5.4 ± 1.3 (stat) ± 0.8 (syst) nb,

where σ (pp → X(3872) + anything) is the inclusive pro-
duction cross section of X(3872) mesons with rapidity in
the range 2.5–4.5 and transverse momentum in the range
5–20 GeV/c. In addition the masses of both the X(3872)

and ψ(2S) mesons, reconstructed in the J/ψπ+π− final
state, are measured to be

mX(3872) = 3871.95 ± 0.48 (stat) ± 0.12 (syst) MeV/c2

and

mψ(2S) = 3686.12 ± 0.06 (stat) ± 0.10 (syst) MeV/c2.

1 Introduction

The X(3872) particle was discovered in 2003 by the
Belle collaboration in the B± → X(3872)K±, X(3872) →
J/ψπ+π− decay chain [1]. Its existence was confirmed
by the CDF [2], DØ [3] and BaBar [4] collaborations. The
discovery of the X(3872) particle and the subsequent ob-
servation of several other new states in the mass range 3.9–
4.7 GeV/c2 have led to a resurgence of interest in exotic
meson spectroscopy [5].

Several properties of the X(3872) have been determined,
in particular its mass [6–8] and the dipion mass spectrum
in the decay X(3872) → J/ψπ+π− [7, 9], but its quan-
tum numbers, which have been constrained to be either

! e-mail: joel.bressieux@epfl.ch

JPC = 2−+ or 1++ [10], are still not established. Despite
a large experimental effort, the nature of this new state is
still uncertain and several models have been proposed to
describe it. The X(3872) could be a conventional charmo-
nium state, with one candidate being the ηc2(1D) meson [5].
However, the mass of this state is predicted to be far be-
low the observed X(3872) mass. Given the proximity of the
X(3872) mass to the D∗0D̄0 threshold, another possibility is
that the X(3872) is a loosely bound D∗0D̄0 ‘molecule’, i.e.
a ((uc)(cu)) system [5]. For this interpretation to be valid
the mass of the X(3872) should be less than the sum of D∗0

and D0 masses. A further, more exotic, possibility is that the
X(3872) is a tetraquark state [11].

Measurements of X(3872) production at hadron collid-
ers, where most of the production is prompt rather than from
b-hadron decays, may shed light on the nature of this par-
ticle. In particular, it has been discussed whether or not the
possible molecular nature of the X(3872) is compatible with
the production rate observed at the Tevatron [12, 13]. Pre-
dictions for X(3872) production at the LHC have also been
published [13].

This paper reports an observation of X(3872) produc-
tion in pp collisions at

√
s = 7 TeV using an integrated

luminosity of 34.7 pb−1 collected by the LHCb experi-
ment. The X(3872) → J/ψπ+π− selection is optimized on
the similar but more abundant ψ(2S) → J/ψπ+π− decay.
The observed X(3872) signal is used to measure both the
X(3872) mass and the production rate from all sources in-
cluding b-hadron decays, i.e. the absolute inclusive X(3872)

production cross section in the detector acceptance multi-
plied by the X(3872) → J/ψπ+π− branching fraction.

2 The LHCb spectrometer and data sample

The LHCb detector is a forward spectrometer [14] at the
Large Hadron Collider (LHC). It provides reconstruction
of charged particles in the pseudorapidity range 2 < η < 5.
The detector elements are placed along the LHC beam line

Early LHCb measurement 

Good prospects to improve ! 
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And also the D0 mass 
LH

C
b-

Pa
pe

r-2
01

3-
01

1 •  D0 mass crucial input to binding 
energy  

•  D0 mass measurement using D  
 produced in semileptonic b decays 

•    
 
•  Low Q-value, low systematics  

846 ± 36  
events 

Use D0 → K−K+K−π+

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-PH-EP-20XX-YYY
LHCb-PAPER-2013-011

March 22, 2013

Precision measurement of D meson
mass differences

The LHCb collaboration†

Abstract
Using three and four body decays of D mesons produced in semileptonic b-hadron
decays, precision measurements of D meson mass differences are made together with
a measurement of the D0

mass. The D0
mass is measured to be

M(D0
) = 1864.75± 0.15 (stat)± 0.11 (syst) MeV/c2,

and the mass differences

M(D+
)−M(D0

) = 98.68± 0.03 (stat)± 0.04 (syst) MeV/c2,

M(D+
s )−M(D+

) = 4.76± 0.11 (stat)± 0.07 (syst) MeV/c2.

To be submitted to JHEP

c� CERN on behalf of the LHCb collaboration, license CC-BY-3.0.

†
Authors are listed on the following pages.

Reinforces conclusion X(3872)  
loosely bound 
Consistent with Tomaradze et al 
arxiv: 1212:4191  

mD0 = 1864.85± 0.06 MeV/c2
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Summary + Outlook  

Exploits large clean sample of detached charmonia triggers + good  
understanding of spectrometer +much more to come from LHCb: 
 
•  Exploit 3 fb-1 of data collected in Run 1: O(50) million b  J/ψ X triggers ! 

•  Almost unlimited opportunities for data mining 

•  Possibility to use hadron triggered modes 

•   Spectroscopy of excited Beauty + charm states 
 
•  Precision supporting measurements: e.g D meson masses 

•   New avenues for exotic searches in Bc and b-baryon sectors 

Several recent results on b baryons, Bc, exotic quarkonia presented 
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Backup  

  



Momentum Scale 
Momentum scale calibrated using various resonances 



D masses 



D masses 

Hence, it is chosen not to quote these values as measurements. Similarly, the systematic148

uncertainty due to the momentum scale for the D0 → K+K−π+π− mode is estimated to be149

0.2 MeV/c2 and the measured mass in this mode is not used in the D0 mass determination.150
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Figure 1: Invariant mass distributions for the (a) K+K−π+π− and (b) K+K−K+π− final states.
In each case the result of the fit described in the text is superimposed (solid line) together with
the background component (dotted line). The pull, i.e. the difference between the fitted and
measured value divided by the uncertainty on the measured value, is shown below each plot.

Table 1: Signal yields, mass values, resolution scale factors and binned χ2/dof (using 100 bins)
obtained from the fits shown in Fig. 1 and Fig. 2 together with the values corrected for the effect
of QED radiative corrections as described in the text.

Fitted mass Corrected mass ResolutionDecay mode Yield
[MeV/c2] [MeV/c2] scale factor

χ2/dof

D0 → K+K−π+π− 4608± 89 1864.68± 0.12 1864.74± 0.12 1.031± 0.021 0.83
D0 → K−K+K−π+ 849± 36 1864.73± 0.15 1864.75± 0.15 0.981± 0.042 0.92
D+ → K+K−π+ 68, 787± 321 1869.44± 0.03 1869.50± 0.03 0.972± 0.003 2.5
D+

s → K+K−π+ 248, 694± 540 1968.13± 0.03 1968.19± 0.03 0.971± 0.002 2.5

151

The quality of the fits is judged from the χ2/dof, quoted in Table 1, and the fit residuals.152

It has been checked using simulated pseudo-experiments that the sizeable trends seen153

in the residuals for the K+K−π+ mode, where the dataset is largest, do not bias the154

mass difference measurement. The fitted resolution scale factors are all within a few155

percent of unity, indicating that the calibration parameters obtained from the B+ study156

are applicable in this analysis. The uncertainties on the masses reported by the fits are in157

good agreement with the results obtained in pseudo-experiments.158

Using the values in Table 1 the mass differences are evaluated to be159
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a width of 32.3 MeV [2] does not affect the X(4140) yield. Reflections of Kφ reso-
nances [23, 24] and possible broad J/ψφ resonances can also contribute near and under
the narrow X(4140) resonance. To explore the sensitivity of our results to the assumed
background shape, we also fit the data in the 1020 − 1400 MeV range with a quadratic
function multiplied by the efficiency-corrected three-body phase-space factor (Fbkg

2 ) to
impose the kinematic threshold. The preferred value of the X(4140) yield is 0.6 events
with a positive error of 7.1 events. This fit is shown in Fig. 3(b).
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Figure 3: Distribution of the mass difference M(J/ψφ) − M(J/ψ ) for the B+ → J/ψφK+ in
the B+ (±2.5σ) and φ (±15 MeV) mass windows. Fit of X(4140) signal on top of a smooth
background is superimposed (solid red line). The dashed blue (dotted blue) line on top illustrates
the expected X(4140) (X(4274)) signal yield from the CDF measurement [2]. The top and
bottom plots differ by the background function (dashed black line) used in the fit: (a) an

efficiency-corrected three-body phase-space (Fbkg
1 ); (b) a quadratic function multiplied by the

efficiency-corrected three-body phase-space factor (Fbkg
2 ). The fit ranges are 1030–1400 and

1020–1400 MeV, respectively.

A similar fit was performed to simulated B+ → X(4140)K+ data to estimate
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Figure 1: Mass distribution for B+ → J/ψφK+ candidates in the data after the ±15 MeV φ
mass requirement. The fit of a Gaussian signal with a quadratic background (dashed line) is
superimposed (solid red line).

position, we fit the M(K+K−) mass distribution (two combinations per event) using a
binned maximum likelihood fit with a P-wave relativistic Breit-Wigner representing the
φ(1020) and a two-body phase-space distribution to represent combinatorial background,
both convolved with a Gaussian mass resolution. The φ resonance width is fixed to the
PDG value (4.26 MeV) [22]. The M(K+K−) mass distribution is displayed in Fig. 2
with the fit results overlaid. The fitted parameters are the φ yield, the φ mass (1019.3±
0.2 MeV), the background yield and the mass resolution (1.4± 0.3 MeV). Replacing the
two-body phase-space function by a third-order polynomial does not change the results.
In order to subtract a non-B contribution, we fit the M(K+K−) distribution from the B
mass near-sidebands (from 4 to 14 standard deviations on either side) leaving only the φ
yield and the two-body phase-space background yield as free parameters. After scaling
to the signal region, this leads to 14± 3 background events. The background subtracted
B+ → J/ψφK+ yield (NB+→J/ψφK+) is 382± 22 events.

To search for the X(4140) state, we select events within ±15 MeV of the φ mass. Ac-
cording to the fit to theM(K+K−) distribution this requirement is 85% efficient. Figure 3
shows the mass difference M(J/ψφ)−M(J/ψ ) distribution (no J/ψ or φ mass constraints

3

the X(4140) yield and find an upper limit on the number of signal events of 16 (13) at 90%
confidence level (CL) for the two background shapes. Dividing the least stringent limit on
the signal yield by the B+ → J/ψφK+ yield and �(B+ → X(4140)K+)/�(B+ → J/ψφK+)
gives a limit on B(B+ → X(4140)K+) × B(X(4140) → J/ψφ)/B(B+ → J/ψφK+). The
systematic uncertainty on �(B+ → X(4140)K+)/�(B+ → J/ψφK+) is 6%. This uncer-
tainty includes the statistical error from the simulation as well as the observed differences
in track reconstruction efficiency between the simulation and data measured with the
inclusive J/ψ → µ+µ− signal. Fit systematics related to the detector resolution and the
uncertainty in the shape of the efficiency dependence on the J/ψφ mass were also studied
and found to be small. We multiply our limit by 1.06 and obtain at 90% CL

B(B+ → X(4140)K+)× B(X(4140) → J/ψφ)

B(B+ → J/ψφK+)
< 0.07.

We also set an upper limit on the X(4274) state suggested by the CDF collaboration
[2]. The fit with Fbkg

1 background shape gives 3.4+6.5
−3.4 events at this mass. The fit with the

Fbkg
2 background shape gives zero signal events with a positive error of 10. Integration

of the fit likelihoods gives < 24 and < 20 events at 90% CL, respectively. The relative
efficiency at this mass is �(B+ → X(4274)K+, X(4274) → J/ψφ)/�(B+ → J/ψφK+) =
0.86± 0.10. The least stringent limit on the signal events yields an upper limit of

B(B+ → X(4274)K+)× B(X(4274) → J/ψφ)

B(B+ → J/ψφK+)
< 0.08

at 90% CL, which includes the systematic uncertainty. CDF did not provide a mea-
surement of this ratio of branching fractions. Assuming the efficiency is similar for the
X(4274) and X(4140) resonances, their X(4274) event yield corresponds to B(B+ →
X(4274)K+)× B(X(4274) → J/ψφ)/B(B+ → J/ψφK+) = 0.17± 0.06 (statistical uncer-
tainty only). Scaling to our data, we should have observed 53±19 X(4274) events, which
is illustrated in Fig. 3.

In summary, the most sensitive search for the narrowX(4140) → J/ψφ state just above
the kinematic threshold in B+ → J/ψφK+ decays has been performed using 0.37 fb−1 of
data collected with the LHCb detector. We do not confirm the existence of such a state.
Our results disagree at the 2.4 σ level with the CDF measurement. An upper limit on
B(B+ → X(4140)K+)× B(X(4140) → J/ψφ))/ B(B+ → J/ψφK+) of < 0.07 at 90% CL
is set.
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Result based on 370 pb-1 (early 2011 data)  
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Figure 4: Efficiency dependence on M(J/ψφ) − M(J/ψ ) as determined from the simulation
(points with error bars). The efficiency is normalized with respect to the efficiency of the φ
signal fit to the B+ → J/ψφK+ events distributed according to the phase-space model. A cubic
polynomial was fitted to the simulated data (superimposed).

the efficiency for this channel. The efficiency ratio between this fit and the φ sig-

nal fit to the B+ → J/ψφK+
events distributed according to the phase-space model,

�(B+ → X(4140)K+, X(4140) → J/ψφ)/�(B+ → J/ψφK+
), was determined to be

0.62 ± 0.04 and includes the efficiency of the φ mass window requirement. Using our

B+ → J/ψφK+
yield multiplied by this efficiency ratio and by the CDF value for

B(B+ → X(4140)K+
)/B(B+ → J/ψφK+

) [2], leads to a prediction that we should have

observed 35 ± 9 ± 6 events, where the first uncertainty is statistical from the CDF data

and the second includes both the CDF and LHCb systematic uncertainties. Given the B+

yield and relative efficiency, our sensitivity to the X(4140) signal is a factor of two better

than that of the CDF. The central value of this estimate is shown as a dashed line in

Fig. 3. Taking the statistical and systematic errors from both experiments into account,

our results disagree with the CDF observation by 2.4 σ (2.7 σ) when using Fbkg
1 (Fbkg

2 )

background shapes.

Since no evidence for the X(4140) state is found, we set an upper limit on its produc-

tion. Using a Bayesian approach, we integrate the fit likelihood determined as a function of
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distributions for the JPC = 1++ (red solid histogram) and JPC = 2−+ and α = α̂ hypotheses
(blue dashed histogram). The simulated distributions are normalized to the number of signal
candidates observed in the data across the full phase space.
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compared to the distributions for the simulated experiments with JPC = 1++ (red solid histogram)
and with JPC = 2−+, α = α̂ (blue dashed histogram) after the background subtraction using
sWeights. The simulated distributions are normalized to the number of signal candidates observed
in the data. Bin contents and uncertainties are divided by bin width because of unequal bin sizes.

are inconsistent with the distributions expected for the (2−+, α̂) hypothesis. The most
significant inconsistency is observed for the 2D projections onto cos θX vs. cos θππ. The
separation between the 1++ and 2−+ hypotheses increases when using correlations between
these two angles, as illustrated in Fig. 4.

In summary, we unambiguously establish that the values of total angular momentum,
parity and charge-conjugation eigenvalues of the X(3872) state are 1++. This is achieved
through the first analysis of the full five-dimensional angular correlations between final
state particles in B+ → X(3872)K+, X(3872) → π+π−J/ψ , J/ψ → µ+µ− decays using the
likelihood-ratio test. The 2−+ hypothesis is excluded with a significance of more than eight
Gaussian standard deviations. This result rules out the explanation of the X(3872) meson
as a conventional ηc2(11D2) state. Among the remaining possibilities are the χc1(23P1)
charmonium, disfavored by the value of the X(3872) mass [32], and unconventional
explanations such as a D∗0D̄0 molecule [7], tetraquark state [8] or charmonium-molecule
mixture [9].
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