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Overview
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Today I will discuss two topics

1) Studies of excited charm mesons, specifically DsJ decays 
   to D0K+ and D+KS final states

2) Studies of excited beauty mesons, specifically the 
   properties of orbitally excited BS mesons

As we are late in the day, I won’t be reviewing the LHCb 
detector but all the information is in the backup slides so 
please ask if you have questions on this!



Studies of excited 
charm mesons



Motivation for studies
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(DS,D*S)

(D*S0,D’S1)
(DS1 ,D*S2)

Image : Xiang Liu, Charm 2010
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Analysis strategy
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Study DsJ mesons produced directly in the pp interaction at the LHC

=> Takes advantage of the LHC’s huge prompt charm production cross-section 
(see talk by Alex Kozlinskiy earlier today)

Use both D0K+ and D+KS final states to maximize signal yields and reduce the 
possibility of fake peaks due to background, cross-feed, etc.

D0,+ mesons selected cleanly using their transverse momentum and displacement 
from the primary interaction : most background is from fake DK combinations.

JHEP 10 (2012) 151

LHCb-PAPER-2012-016



Event selection
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Remove a lot of combinatorial background by cutting on cosθ > 0, the 
angle between the kaon momentum (in the DsJ rest frame) and the DsJ 
momentum in the lab frame

Then optimize further for the significance of the D*s2(2573)+

D*s2(2573)+ D*s2(2573)+

JHEP 10 (2012) 151
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Event selection
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D*s2(2573)+ D*s2(2573)+

Remove a lot of combinatorial background by cutting on cosθ > 0, the 
angle between the kaon momentum (in the DsJ rest frame) and the DsJ 
momentum in the lab frame

Then optimize further for the significance of the D*s2(2573)+ 

=> Add cuts on the DK PT and K+ particle identification cuts
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The mass spectrum
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Similar features in both spectra : 

➡ D*s2(2573)+ 
➡ Ds1(2536)+ feed down via D*K decays
➡ D*s1(2700)+ and D*sJ(2860)+ states (will be clearer in a slide or two)

JHEP 10 (2012) 151
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Fit model
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=> Exclude the Ds1(2536)+ feed down to avoid modelling the turn-on;

=> Relativistic Breit-Wigners with Blatt-Weisskopf form factors for the 
   signal states (resolution neglected as these are so broad);

=> Chebyshev polynomials for the combinatorial background;

=> Signal parameters shared between the two modes.

JHEP 10 (2012) 151
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Fit results
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=> Exclude the Ds1(2536)+ feed down to avoid modelling the turn-on;

=> Relativistic Breit-Wigners with Blatt-Weisskopf form factors for the 
   signal states (resolution neglected as these are so broad);

=> Chebyshev polynomials for the combinatorial background;

=> Signal parameters shared between the two modes.
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Fit results, background subtracted
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We clearly observe the D*s1(2700)+ and D*sJ(2860)+ states

We do not see any significant excess of events above 3 GeV
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Fit results, systematics
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Table 3: Systematic uncertainties for the D⇤
s1(2700)

+ and D⇤
sJ

(2860)+ parameters. Mass and
width uncertainties, �m and ��, are given in units of MeV/c2. The total uncertainties are
calculated as the quadratic sums of all contributions.

D⇤
s1(2700)

+ D⇤
sJ

(2860)+

Source �m �� �m ��
Signal model 2.2 3.0 5.5 3.4
Background model 2.1 10.2 3.8 4.2
High mass state 0.0 0.3 0.0 0.2
Selection criteria 2.1 3.5 1.0 2.7
Mass resolution 2.1 3.6 2.8 2.4
Feed-down reflections 1.2 2.9 0.1 1.4
Bin size 0.2 0.9 0.0 0.2
Total 4.5 12.1 6.3 6.6

the background parameters. The average di↵erence between the generated and fitted
values for the D⇤

s1(2700)
+ and D⇤

sJ

(2860)+ masses and widths is taken as the system-
atic uncertainty. We repeat the reference fit changing the lower bound of the fit range by
±10MeV/c2 and the upper bound by �50MeV/c2. This has the largest e↵ect on the width
of the D⇤

s1(2700)
+ state since the broad width is sensitive to modifications in the amount

of background near the threshold and in the long high-mass tail. Finally we evaluate a
systematic uncertainty given by the e↵ect of fixing some of the background parameters
in the reference fit. We perform a set of fits accounting for all possible up and down
variations (independently and simultaneously) of these parameters. The variations are of
10% for D+K0

S background parameters and of 5% in the case of the D0K+ decay mode.
According to a fit �2 study, alternative fits with larger variations of the fixed parameters
do not describe the data correctly and therefore not used to compute systematic uncer-
tainties. We adopt as systematic uncertainty the root-mean-square variation of all the
fits for the given parameter. As expected, this e↵ect contributes mainly to the widths of
the resonances since these parameters correlate strongly with the background shape. The
total background model systematic uncertainty is the quadratic combination of the four
e↵ects discussed.

Evidence for an additional broad state around 3GeV/c2 has been shown previously in
D⇤K decay modes [14]. Therefore, in addition to the D⇤

s1(2700)
+ and D⇤

sJ

(2860)+ high
mass states, we allow for another signal component in the fit. No statistically significant
structure is found.

The uncertainty introduced by the selection criteria is computed by repeating the fit in
a sample with the following selection: pT(D+K0

S ) > 4.75GeV/c and pT(K0
S ) > 1.7GeV/c

for D+K0
S combinations with the K0

S meson decaying inside and outside the vertex de-
tector, respectively, while for the D0K+ sample we apply pT(K+) > 1.8GeV/c and
PNNK (K

+) > 0.5. These selection criteria are established by optimizing the signal signif-

8

The systematic uncertainties are 
dominated by the background and 
signal models

In particular, the background 
model has to describe not only 
the combinatorial background from 
unrelated DK pairs, but also from 
DK pairs produced in a correlated 
way in the fragmentation (but not 
coming from a resonant state)

At present all measurements are 
therefore systematics limited

JHEP 10 (2012) 151
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Mini conclusion
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icance of the D⇤
s2(2573)

+ in the 2.5� 2.6GeV/c2 range, as done previously, but this time
downscaling the number of signal events by one order of magnitude 0.1N

S

/
p
0.1N

S

+N
B

,
trying to mimic the signal to background ratio observed for the D⇤

s1(2700)
+ and D⇤

sJ

(2860)
states.

Mass resolution e↵ects are neglected in the reference fit since the measured widths
are much larger than the mass resolution obtained from Monte Carlo simulated
data: 4.3 (3.3)MeV/c2 at 2.71GeV/c2 and 5.2 (4.0)MeV/c2 at 2.86GeV/c2 mass for the
D+K0

S (D
0K+) decay mode. This e↵ect is accounted for by a convolution of the relativis-

tic Breit-Wigner lineshapes with a single Gaussian function without o↵set whose width
is fixed to the mass resolution estimated using fully simulated events. Here, the largest
contribution arises from the D⇤

s2(2573)
+ state, since a narrower width for this state causes

a deviation in the masses and widths of the resonances under study.
The observed D⇤

s1(2700)
+ and D⇤

sJ

(2860)+ states can also decay into D⇤K final states
(depending on the D⇤

sJ

(2860)+ spin-parity) and this should be reflected as feed-down
components to the DK samples, arising from D⇤+ ! D+⇡0, D+� and D⇤0 ! D0⇡0, D0�
decays, where the neutral pion and photon are not reconstructed. In this case, we expect
the feed-down structures to be shifted by about �142MeV/c2 from the measured mass
and with similar width but with a small spread from resolution e↵ects. Ignoring resolution
e↵ects, we evaluate a systematic uncertainty due to the presence of possible feed-down by
including the two additional components to describe the D⇤

s1(2700)
+ ! D⇤+K0

S , D
⇤0K+

and D⇤
sJ

(2860)+ ! D⇤+K0
S , D

⇤0K+ processes, with fixed masses and widths to avoid
large correlations. The uncertainty due to this e↵ect is about a factor two smaller than
the statistical precision on the masses and widths.

Finally, to investigate the e↵ect of binning the data samples, we repeat the fit using
bins with size of 1MeV/c2. This e↵ect is observed to be negligible.

The total systematic uncertainty is calculated as the quadratic sum of all the men-
tioned contributions. The systematic uncertainties on the D⇤

s1(2700)
+ and D⇤

sJ

(2860)+

parameters dominate the overall measurement uncertainties.

6 Conclusions

Using 1.0 fb�1 of data recorded by the LHCb experiment during 2011 in pp collisions at a
centre-of-mass energy of

p
s = 7TeV, we perform a study of the D+K0

S and D0K+ final
states. We observe for the first time the production of D⇤

s1(2700)
+ and D⇤

sJ

(2860) states
in hadronic interactions and measure their parameters to be

m(D⇤
s1(2700)

+) = 2709.2± 1.9(stat)± 4.5(syst) MeV/c2,
�(D⇤

s1(2700)
+) = 115.8± 7.3(stat)± 12.1(syst) MeV/c2,

m(D⇤
sJ

(2860)+) = 2866.1± 1.0(stat)± 6.3(syst) MeV/c2,
�(D⇤

sJ

(2860)+) = 69.9± 3.2(stat)± 6.6(syst) MeV/c2.

All results are compatible with previous results from theB factories [13,14]. The statistical
uncertainties for all parameters are improved by an overall factor of two with respect to

9

We clearly observe the D*s1(2700)+ and D*sJ(2860)+ states

We do not see any significant excess of events above 3 GeV

We have made mass and width measurements which are competitive with the 
B-factory precisions

Need studies of the D*K spectra in order to shed any further light on the 
spin-parity assignments of these modes

JHEP 10 (2012) 151
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Studies of excited 
beauty mesons



Motivation for studies
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Precise measurements of excited B meson properties are an 
important test of Heavy Quark Effective Theory (HQET)

HQET is a crucial tool in predicting Standard Model values for 
CP violation, lifetimes, mixing... and hence setting a benchmark 
for measurements sensitive to physics beyond the Standard Model



Motivation for studies

16

Precise measurements of excited B meson properties are an 
important test of Heavy Quark Effective Theory (HQET)

HQET is a crucial tool in predicting Standard Model values for 
CP violation, lifetimes, mixing... and hence setting a benchmark 
for measurements sensitive to physics beyond the Standard Model

Here we will focus on measurements of the narrow B*s states



Analysis strategy and event selection
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Use several B meson final states 
to maximize signal yields and 
reduce the possibility of fake 
peaks due to background, cross-
feed, etc.

Almost all background is due to 
fake BK combinations.

We reduce remaining backgrounds 
with a multivariate selection 
using the following variables

=> B and K transverse momenta
=> Kaon particle identification
=> BK vertex fit
=> Distance of closest approach 
   of the BK system to the 
   primary interaction
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Figure 1: Invariant mass spectra of the final B+ candidates. The signal lineshape is fitted
with a double Gaussian distribution, while the background is modelled with a second order
polynomial . (a) B+ → J/ψK+, (b) B+ → D0(K+π−)π+, (c) B+ → D0(K+π−π−π+)π+,
and (d) B+ → D0(K+π−)π+π−π+ decays. The J/ψ and D0 masses are constrained to
their world average values.

the considered track.
Following these selections, B+ signals are visible above backgrounds in all four decay

modes. In order to improve their purity, four boosted decision tree classifiers [24] are
trained on variables common to all four decay modes: the transverse momenta and impact
parameters of the final state tracks, the transverse momentum and impact parameter of
the B+ candidate, the detachment of the B+ candidate from the primary interaction, the
cosine of the angle between the B+ candidate momentum and the direction of flight from
the primary vertex to the decay vertex, the fit χ2 of the tracks, and particle identification
information. The classifier is trained on data using the sWeights technique [25], with
the B+ candidate mass as a discriminating variable, to unfold the signal and background
distributions. The cut on the classifier response is chosen by optimizing the significance
of each B+ signal. The final mass distributions for the B+ candidates are shown in Fig. 1.

The B+ candidate mass spectra are fitted using a double Gaussian function for the

3
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Mass spectrum and fit model
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Figure 2: Mass difference distribution m(B+K−) − m(B+) − m(K−). The three peaks
are identified as (left) Bs1 → B∗+K−, (middle) B∗

s2 → B∗+K−, and (right) B∗
s2 → B+K−.

The total fit function is shown as a solid blue line, while the shaded red region is the
spectrum of like-charge B+K+ combinations. The inset shows an expanded view of the
Bs1/B∗

s2 → B∗+K− signals. The bottom plot shows the fit pulls.

Bs1/B∗
s2 → B∗+K− signals and the parameters of the threshold function. From the yield

ratios, the relative branching fraction

B(B∗
s2 → B∗+K−)

B(B∗
s2 → B+K−)

=
NB∗

s2→B∗+K−

NB∗

s2
→B+K−

× εrel2,2 = RB∗

s2 (1)

is measured. The Bs1 to B∗
s2 ratio of production cross-sections times the ratio of branching

fractions of Bs1 → B∗+K− relative to that of B∗
s2 → B+K− is also determined from

σ(pp → Bs1X)B(Bs1 → B∗+K−)

σ(pp → B∗
s2X)B(B∗

s2 → B+K−)
=

NBs1→B∗+K−

NB∗

s2→B+K−

× εrel1,2 = σBs1/B∗

s2RBs1/B∗

s2 (2)

These ratios are corrected by the relative selection efficiencies, εrel2,2 = 1.05 ± 0.02 and
εrel1,2 = 1.03± 0.01, using simulated decays. The fit results are given in Table 2. A binned
χ2 test gives a confidence level of 43% for the fit.

To determine the significance of the B∗
s2 → B∗+K− signal, a similar maximum likeli-

hood fit is performed, where all parameters of the signal are fixed according to expectation,
except its yield. The likelihood of this fit is compared to the result of a fit where the yield

5
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Mass spectrum and fit model
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Figure 2: Mass difference distribution m(B+K−) − m(B+) − m(K−). The three peaks
are identified as (left) Bs1 → B∗+K−, (middle) B∗

s2 → B∗+K−, and (right) B∗
s2 → B+K−.

The total fit function is shown as a solid blue line, while the shaded red region is the
spectrum of like-charge B+K+ combinations. The inset shows an expanded view of the
Bs1/B∗

s2 → B∗+K− signals. The bottom plot shows the fit pulls.

Bs1/B∗
s2 → B∗+K− signals and the parameters of the threshold function. From the yield

ratios, the relative branching fraction

B(B∗
s2 → B∗+K−)

B(B∗
s2 → B+K−)

=
NB∗

s2→B∗+K−

NB∗

s2
→B+K−

× εrel2,2 = RB∗

s2 (1)

is measured. The Bs1 to B∗
s2 ratio of production cross-sections times the ratio of branching

fractions of Bs1 → B∗+K− relative to that of B∗
s2 → B+K− is also determined from

σ(pp → Bs1X)B(Bs1 → B∗+K−)

σ(pp → B∗
s2X)B(B∗

s2 → B+K−)
=

NBs1→B∗+K−

NB∗

s2→B+K−

× εrel1,2 = σBs1/B∗

s2RBs1/B∗

s2 (2)

These ratios are corrected by the relative selection efficiencies, εrel2,2 = 1.05 ± 0.02 and
εrel1,2 = 1.03± 0.01, using simulated decays. The fit results are given in Table 2. A binned
χ2 test gives a confidence level of 43% for the fit.

To determine the significance of the B∗
s2 → B∗+K− signal, a similar maximum likeli-

hood fit is performed, where all parameters of the signal are fixed according to expectation,
except its yield. The likelihood of this fit is compared to the result of a fit where the yield

5

=> Relativistic Breit-Wigner convolved 
   with simulated Gaussian resolution 
   for the BK signal

=> Gaussians as “effective 
   parametrizations” for the B*K feed-
   down signals, since these are 
   affected by the missing photon and 
   cannot be fully simulated due to 
   a lack of knowledge of the B*s 
   properties.

=> A threshold function for the 
   combinatorial background validated 
   on the wrong-sign sample

LHCb-PAPER-2012-030

signal and a second order polynomial for the background. The average mass resolution,
σB+ , is defined as the weighted average of the Gaussian widths. The B+ candidates, within
a ±2σB+ mass region, are selected for each decay mode. A sample of about 1 000 000 B+

candidates is obtained and combined with any track of opposite charge that is identified
as a kaon.

Multiple pp interactions can occur in LHC bunch crossings. In order to reduce com-
binatorial backgrounds, the B+ and kaon candidates are required to be consistent with
coming from the same interaction point. The signal purity is improved by a boosted
decision tree classifier, whose inputs are the B+ and the kaon transverse momenta, the
log-likelihood difference between the kaon and pion hypotheses, and the vertex fit and
impact parameter χ2. The training is performed using simulated events for the signal and
the like-charge B+K+ candidates in the data for the background. The same selection is
subsequently applied to all B+ decay modes. The cut on the classifier response is chosen
by optimizing the significance of the B∗

s2 → B+K− signal. It retains 57% of the signal
events and rejects 92% of the background events. In order to improve the mass resolution,
the B+K− mass fits are performed constraining the J/ψ (or D0) and B+ particles to their
respective world average masses [8] and constraining the B+ and K− momenta to point
to the associated primary vertex.

Figure 2 shows the mass difference for the selected candidates, summed over all B+

decay modes. The mass difference is defined as Q ≡ m(B+K−)−m(B+)−m(K−) where
m(B+) and m(K−) are the known masses of the B+ and K− mesons [8], respectively.
The two narrow peaks at 10 and 67MeV/c2 are identified as the Bs1 → B∗+K− and
B∗

s2 → B+K− signals, respectively, as previously observed. In addition, a smaller struc-
ture is seen around 20MeV/c2, identified as the previously unobserved B∗

s2 → B∗+K−

decay mode.
An unbinned fit of the mass difference distribution is performed to extract the Q values

and event yields of the three peaks. The B∗
s2 → B+K− signal is parameterized by a rela-

tivistic Breit-Wigner function with natural width Γ convolved with a Gaussian function
that accounts for the detector resolution. Its width is fixed to the value obtained from
simulated events (∼ 1MeV/c2), increased by 20% to account for differences between the
B+ resolutions in data and simulated events. The lineshapes of the Bs1/B∗

s2 → B∗+K−

signals, expected to be Breit-Wigner functions in the B∗+K− mass spectrum, are af-
fected by the phase space and the angular distribution of the decays as the photon is
not reconstructed. The resulting shapes can not be properly simulated due to the lack
of knowledge of the Bs1/B∗

s2 properties. Therefore a Gaussian function is used for each
Bs1/B∗

s2 → B∗+K− signals as effective parameterization. The background is modelled by
a threshold function, f(Q) = QαeβQ+δ, where α, β and δ are free parameters in the fit. Its
analytical form is verified by fitting the like charge B+K+ combinations where no signal
is expected.

The parameters allowed to vary in the fit are: the yield NB∗

s2→B+K−, the yield
ratios NBs1→B∗+K−/NB∗

s2→B+K− and NB∗

s2→B∗+K−/NB∗

s2→B+K−, the Q values of the
Bs1 → B∗+K− and B∗

s2 → B+K− signals, the mass difference between the B∗
s2 → B+K−

and B∗
s2 → B∗+K− peaks, the natural width of the B∗

s2 state, the Gaussian widths of

4
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What do we actually measure?

20

Table 2: Results of the fit to the mass difference distributionsm(B+K−)−m(B+)−m(K−).
The first uncertainties are statistical and the second are systematic.

Parameter Fit result
m(Bs1) −m(B+)−m(K−) 10.46± 0.04± 0.04MeV/c2

m(B∗
s2) −m(B+)−m(K−) 67.06± 0.05± 0.11MeV/c2

m(B∗+)−m(B+) 45.01± 0.30± 0.23MeV/c2

Γ(B∗
s2) 1.56± 0.13± 0.47MeV/c2

B(B∗
s2→B∗+K−)

B(B∗
s2→B+K−) (9.3 ± 1.3 ± 1.2)%

σ(pp→Bs1X)B(Bs1→B∗+K−)
σ(pp→B∗

s2X)B(B∗
s2→B+K−) (23.2 ± 1.4 ± 1.3)%

NBs1→B∗+K− 750± 36
NB∗

s2→B∗+K− 307± 46
NB∗

s2→B+K− 3140± 100

of the signal is fixed to zero. The statistical significance of the B∗
s2 → B∗+K− signal is

8σ.
A number of systematic uncertainties are considered. For the signal model, the signal

shape is changed to a double Gaussian function and an alternative threshold function is
used for the background. The changes in the fit results are assigned as the associated
uncertainties. The B+ decay modes are fitted independently to test for effects that may
be related to differences in their selection requirements. For each observable quoted in
Table 2, the difference between the weighted average of these independent fits and the
global fit is taken as a systematic uncertainty. Additional systematic uncertainties are
assigned based on the change in the results when varying the selection criteria and the B+

signal region. The detector resolution of B∗
s2 → B+K− signal is conservatively varied by

±20%. In addition, the momentum scale in the processing of the data used in this analysis
is varied within the estimated uncertainty of 0.15%. The corresponding uncertainty on
the measured masses is assigned as a systematic uncertainty. The uncertainty on the
determination of the selection efficiency ratios caused by finite samples of simulated events
is taken as a systematic uncertainty for the branching fractions. Finally simulated events
are used to estimate the mass shifts of the Bs1/B∗

s2 → B∗+K− signals from the nominal
values when the radiated photon is excluded from their reconstructed decays. The absolute
systematic uncertainties are given in Table 3 while the final results are shown in Table 2.

The measured B(B∗

s2→B∗+K−)
B(B∗

s2→B+K−) branching fraction ratio and B∗
s2 width are in good agreement

with theoretical predictions [12–14].
The mass differences given in Table 2 are translated into absolute masses by adding

the masses of the B+ and kaon [8] and, in the case of the Bs1 meson, the B∗+ −B+ mass
difference measured in this Letter. The results are

6

We fit for 

=> The yields of all three peaks

=> The means of the Bs1 and B*s2 
   peaks, and the width of the 
   B*s2!BK peak

=> The difference in the means 
   of the B*s2!BK and B*s2!B*K 
   peaks

The branching fraction 
measurements are corrected for 
reconstruction efficiencies 
measured offline

LHCb-PAPER-2012-030 PRL 110 (2013) 15



What do we actually measure?

21

Table 2: Results of the fit to the mass difference distributionsm(B+K−)−m(B+)−m(K−).
The first uncertainties are statistical and the second are systematic.

Parameter Fit result
m(Bs1) −m(B+)−m(K−) 10.46± 0.04± 0.04MeV/c2

m(B∗
s2) −m(B+)−m(K−) 67.06± 0.05± 0.11MeV/c2

m(B∗+)−m(B+) 45.01± 0.30± 0.23MeV/c2

Γ(B∗
s2) 1.56± 0.13± 0.47MeV/c2

B(B∗
s2→B∗+K−)

B(B∗
s2→B+K−) (9.3 ± 1.3 ± 1.2)%

σ(pp→Bs1X)B(Bs1→B∗+K−)
σ(pp→B∗

s2X)B(B∗
s2→B+K−) (23.2 ± 1.4 ± 1.3)%

NBs1→B∗+K− 750± 36
NB∗

s2→B∗+K− 307± 46
NB∗

s2→B+K− 3140± 100

of the signal is fixed to zero. The statistical significance of the B∗
s2 → B∗+K− signal is

8σ.
A number of systematic uncertainties are considered. For the signal model, the signal

shape is changed to a double Gaussian function and an alternative threshold function is
used for the background. The changes in the fit results are assigned as the associated
uncertainties. The B+ decay modes are fitted independently to test for effects that may
be related to differences in their selection requirements. For each observable quoted in
Table 2, the difference between the weighted average of these independent fits and the
global fit is taken as a systematic uncertainty. Additional systematic uncertainties are
assigned based on the change in the results when varying the selection criteria and the B+

signal region. The detector resolution of B∗
s2 → B+K− signal is conservatively varied by

±20%. In addition, the momentum scale in the processing of the data used in this analysis
is varied within the estimated uncertainty of 0.15%. The corresponding uncertainty on
the measured masses is assigned as a systematic uncertainty. The uncertainty on the
determination of the selection efficiency ratios caused by finite samples of simulated events
is taken as a systematic uncertainty for the branching fractions. Finally simulated events
are used to estimate the mass shifts of the Bs1/B∗

s2 → B∗+K− signals from the nominal
values when the radiated photon is excluded from their reconstructed decays. The absolute
systematic uncertainties are given in Table 3 while the final results are shown in Table 2.

The measured B(B∗

s2→B∗+K−)
B(B∗

s2→B+K−) branching fraction ratio and B∗
s2 width are in good agreement

with theoretical predictions [12–14].
The mass differences given in Table 2 are translated into absolute masses by adding

the masses of the B+ and kaon [8] and, in the case of the Bs1 meson, the B∗+ −B+ mass
difference measured in this Letter. The results are

6

We fit for 

=> The yields of all three peaks

=> The means of the Bs1 and B*s2 
   peaks, and the width of the 
   B*s2!BK peak

=> The difference in the means 
   of the B*s2!BK and B*s2!B*K 
   peaks

The branching fraction 
measurements are corrected for 
reconstruction efficiencies 
measured offline
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The world-best B*-B mass difference 
measurement is a particular highlight

No photon reconstruction so much smaller 
(and uncorrelated) systematics compared to 
other measurements
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Table 3: Absolute systematic uncertainties for each measurement, which are assumed to
be independent and are added in quadrature.

Source Q(Bs1) Q(B∗
s2) m(B∗+)−m(B+) Γ(B∗

s2) RB∗

s2 σBs1/B∗

s2RBs1/B∗

s2

(MeV/c2) (MeV/c2) (MeV/c2) (MeV/c2) (%) (%)
Fit model 0.00 0.02 0.03 0.01 0.2 0.5
B+ decay mode 0.01 0.01 0.02 0.01 0.1 0.1
Selection 0.03 0.02 0.19 0.05 1.1 0.6
B+ signal region 0.01 0.03 0.11 0.07 0.2 0.4
Mass resolution 0.00 0.01 0.02 0.46 0.2 0.9
Momentum scale 0.02 0.10 0.03 - - -
Efficiency ratios - - - - 0.2 0.2
Missing photon 0.01 - 0.01 - - -
Total 0.04 0.11 0.23 0.47 1.2 1.3

m(B∗+) = 5324.26± 0.30± 0.23± 0.17 MeV/c2,
m(Bs1) = 5828.40± 0.04± 0.04± 0.41 MeV/c2,
m(B∗

s2) = 5839.99± 0.05± 0.11± 0.17 MeV/c2,

where the first uncertainty is statistical and the second is systematic. The third uncer-
tainty corresponds to the uncertainty on the B+ mass [8] and, in the case of the Bs1 mass
measurement, the uncertainty on the B∗+−B+ mass difference measured in this analysis.

In conclusion, using 1.0 fb−1 of data collected with the LHCb detector at
√
s = 7TeV,

the decay mode B∗
s2 → B∗+K− is observed for the first time and its branching fraction

measured relative to that of B∗
s2 → B+K−. The observation of the B∗

s2 meson decaying
to two pseudoscalars (B∗

s2 → B+K−) and to a vector and a pseudoscalar (B∗
s2 → B∗+K−)

favours the assignment of JP = 2+ for this state. The B∗
s2 width is measured for the

first time, while the masses of the Bs1 and B∗
s2 states are measured with the highest

precision to date and are consistent with previous measurements [9, 10]. Finally, the
observed B∗

s2 → B∗+K− decay is used to make the most precise measurement to date of
the B∗+−B+ mass difference. This measurement, unlike others reported in the literature,
does not require the reconstruction of the soft photon from B∗+ decays and therefore
has significantly smaller systematic uncertainty. High precision measurements of the B∗+

mass are important for the understanding of the exotic Z+
b states recently observed [15].
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For the Q values, the momentum scale and selection dominate

=> Selection evaluated by varying the cut on the multivariate discriminant

For the width of the B*s2, the experimental resolution dominates, because we 
take it from simulation and can only trust this to ~20%

For the branching fractions there are many significant contributions
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Table 3: Absolute systematic uncertainties for each measurement, which are assumed to
be independent and are added in quadrature.

Source Q(Bs1) Q(B∗
s2) m(B∗+)−m(B+) Γ(B∗

s2) RB∗

s2 σBs1/B∗

s2RBs1/B∗

s2

(MeV/c2) (MeV/c2) (MeV/c2) (MeV/c2) (%) (%)
Fit model 0.00 0.02 0.03 0.01 0.2 0.5
B+ decay mode 0.01 0.01 0.02 0.01 0.1 0.1
Selection 0.03 0.02 0.19 0.05 1.1 0.6
B+ signal region 0.01 0.03 0.11 0.07 0.2 0.4
Mass resolution 0.00 0.01 0.02 0.46 0.2 0.9
Momentum scale 0.02 0.10 0.03 - - -
Efficiency ratios - - - - 0.2 0.2
Missing photon 0.01 - 0.01 - - -
Total 0.04 0.11 0.23 0.47 1.2 1.3

m(B∗+) = 5324.26± 0.30± 0.23± 0.17 MeV/c2,
m(Bs1) = 5828.40± 0.04± 0.04± 0.41 MeV/c2,
m(B∗

s2) = 5839.99± 0.05± 0.11± 0.17 MeV/c2,

where the first uncertainty is statistical and the second is systematic. The third uncer-
tainty corresponds to the uncertainty on the B+ mass [8] and, in the case of the Bs1 mass
measurement, the uncertainty on the B∗+−B+ mass difference measured in this analysis.

In conclusion, using 1.0 fb−1 of data collected with the LHCb detector at
√
s = 7TeV,

the decay mode B∗
s2 → B∗+K− is observed for the first time and its branching fraction

measured relative to that of B∗
s2 → B+K−. The observation of the B∗

s2 meson decaying
to two pseudoscalars (B∗

s2 → B+K−) and to a vector and a pseudoscalar (B∗
s2 → B∗+K−)

favours the assignment of JP = 2+ for this state. The B∗
s2 width is measured for the

first time, while the masses of the Bs1 and B∗
s2 states are measured with the highest

precision to date and are consistent with previous measurements [9, 10]. Finally, the
observed B∗

s2 → B∗+K− decay is used to make the most precise measurement to date of
the B∗+−B+ mass difference. This measurement, unlike others reported in the literature,
does not require the reconstruction of the soft photon from B∗+ decays and therefore
has significantly smaller systematic uncertainty. High precision measurements of the B∗+

mass are important for the understanding of the exotic Z+
b states recently observed [15].
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For this we use the PDG values of the B+ mass at the time of the paper

The measurements are already systematics dominated
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Table 2: Results of the fit to the mass difference distributionsm(B+K−)−m(B+)−m(K−).
The first uncertainties are statistical and the second are systematic.

Parameter Fit result
m(Bs1) −m(B+)−m(K−) 10.46± 0.04± 0.04MeV/c2

m(B∗
s2) −m(B+)−m(K−) 67.06± 0.05± 0.11MeV/c2

m(B∗+)−m(B+) 45.01± 0.30± 0.23MeV/c2

Γ(B∗
s2) 1.56± 0.13± 0.47MeV/c2

B(B∗
s2→B∗+K−)

B(B∗
s2→B+K−) (9.3 ± 1.3 ± 1.2)%

σ(pp→Bs1X)B(Bs1→B∗+K−)
σ(pp→B∗

s2X)B(B∗
s2→B+K−) (23.2 ± 1.4 ± 1.3)%

NBs1→B∗+K− 750± 36
NB∗

s2→B∗+K− 307± 46
NB∗

s2→B+K− 3140± 100

of the signal is fixed to zero. The statistical significance of the B∗
s2 → B∗+K− signal is

8σ.
A number of systematic uncertainties are considered. For the signal model, the signal

shape is changed to a double Gaussian function and an alternative threshold function is
used for the background. The changes in the fit results are assigned as the associated
uncertainties. The B+ decay modes are fitted independently to test for effects that may
be related to differences in their selection requirements. For each observable quoted in
Table 2, the difference between the weighted average of these independent fits and the
global fit is taken as a systematic uncertainty. Additional systematic uncertainties are
assigned based on the change in the results when varying the selection criteria and the B+

signal region. The detector resolution of B∗
s2 → B+K− signal is conservatively varied by

±20%. In addition, the momentum scale in the processing of the data used in this analysis
is varied within the estimated uncertainty of 0.15%. The corresponding uncertainty on
the measured masses is assigned as a systematic uncertainty. The uncertainty on the
determination of the selection efficiency ratios caused by finite samples of simulated events
is taken as a systematic uncertainty for the branching fractions. Finally simulated events
are used to estimate the mass shifts of the Bs1/B∗

s2 → B∗+K− signals from the nominal
values when the radiated photon is excluded from their reconstructed decays. The absolute
systematic uncertainties are given in Table 3 while the final results are shown in Table 2.

The measured B(B∗

s2→B∗+K−)
B(B∗

s2→B+K−) branching fraction ratio and B∗
s2 width are in good agreement

with theoretical predictions [12–14].
The mass differences given in Table 2 are translated into absolute masses by adding

the masses of the B+ and kaon [8] and, in the case of the Bs1 meson, the B∗+ −B+ mass
difference measured in this Letter. The results are

6

icance of the D⇤
s2(2573)

+ in the 2.5� 2.6GeV/c2 range, as done previously, but this time
downscaling the number of signal events by one order of magnitude 0.1N

S

/
p
0.1N

S

+N
B

,
trying to mimic the signal to background ratio observed for the D⇤

s1(2700)
+ and D⇤

sJ

(2860)
states.

Mass resolution e↵ects are neglected in the reference fit since the measured widths
are much larger than the mass resolution obtained from Monte Carlo simulated
data: 4.3 (3.3)MeV/c2 at 2.71GeV/c2 and 5.2 (4.0)MeV/c2 at 2.86GeV/c2 mass for the
D+K0

S (D
0K+) decay mode. This e↵ect is accounted for by a convolution of the relativis-

tic Breit-Wigner lineshapes with a single Gaussian function without o↵set whose width
is fixed to the mass resolution estimated using fully simulated events. Here, the largest
contribution arises from the D⇤

s2(2573)
+ state, since a narrower width for this state causes

a deviation in the masses and widths of the resonances under study.
The observed D⇤

s1(2700)
+ and D⇤

sJ

(2860)+ states can also decay into D⇤K final states
(depending on the D⇤

sJ

(2860)+ spin-parity) and this should be reflected as feed-down
components to the DK samples, arising from D⇤+ ! D+⇡0, D+� and D⇤0 ! D0⇡0, D0�
decays, where the neutral pion and photon are not reconstructed. In this case, we expect
the feed-down structures to be shifted by about �142MeV/c2 from the measured mass
and with similar width but with a small spread from resolution e↵ects. Ignoring resolution
e↵ects, we evaluate a systematic uncertainty due to the presence of possible feed-down by
including the two additional components to describe the D⇤

s1(2700)
+ ! D⇤+K0

S , D
⇤0K+

and D⇤
sJ

(2860)+ ! D⇤+K0
S , D

⇤0K+ processes, with fixed masses and widths to avoid
large correlations. The uncertainty due to this e↵ect is about a factor two smaller than
the statistical precision on the masses and widths.

Finally, to investigate the e↵ect of binning the data samples, we repeat the fit using
bins with size of 1MeV/c2. This e↵ect is observed to be negligible.

The total systematic uncertainty is calculated as the quadratic sum of all the men-
tioned contributions. The systematic uncertainties on the D⇤

s1(2700)
+ and D⇤

sJ

(2860)+

parameters dominate the overall measurement uncertainties.

6 Conclusions

Using 1.0 fb�1 of data recorded by the LHCb experiment during 2011 in pp collisions at a
centre-of-mass energy of

p
s = 7TeV, we perform a study of the D+K0

S and D0K+ final
states. We observe for the first time the production of D⇤

s1(2700)
+ and D⇤

sJ

(2860) states
in hadronic interactions and measure their parameters to be

m(D⇤
s1(2700)

+) = 2709.2± 1.9(stat)± 4.5(syst) MeV/c2,
�(D⇤

s1(2700)
+) = 115.8± 7.3(stat)± 12.1(syst) MeV/c2,

m(D⇤
sJ

(2860)+) = 2866.1± 1.0(stat)± 6.3(syst) MeV/c2,
�(D⇤

sJ

(2860)+) = 69.9± 3.2(stat)± 6.6(syst) MeV/c2.

All results are compatible with previous results from theB factories [13,14]. The statistical
uncertainties for all parameters are improved by an overall factor of two with respect to

9

In the charm studies : 

=> We clearly observe the 
   D*s1(2700)+ and D*sJ(2860)+ states
=> We do not see any significant excess of 
   events above 3 GeV
=> Need studies of the D*K spectra in order 
   to shed any further light on the spin-
   parity assignments of these modes

In the beauty studies : 

=> We have made a first observation of the
     B*s2!B*K decay and used it to make a 
     world best measurement of the B*-B mass 
     difference
=> Most precise measurements of the Bs1 and 
   B*s2 masses, and a first measurement of 
   the B*s2 width



Summary and prospects
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Stay tuned for more results, in particular an update of our preliminary 
B*u,d measurements, and Dπ spectroscopy studies should be coming soon!
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Question : How is LHCb achieving clean signals in a much dirtier 
           environment than either the B-factories or CDF?

Answer 1 : A state of the art detector with ~0.5% momentum resolution 
           and powerful particle identification.

Answer 2 : An aggressive use of multivariate selections from the 
         very first stage of the datataking process, the trigger.
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Figure 7: Lifetime acceptance function for an event of a two-body hadronic decay. The
shaded, light blue regions show the bands for accepting a track IP . After IP2 is too low in
(a) it reaches the accepted range in (b). The actual measured lifetime lies in the accepted
region (c), which continues to larger lifetimes (d).
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Figure 1: B-candidate masses from B → Kππ decays: (left) HLT2 2-body topological
trigger candidates; (right) HLT2 3-body topological trigger candidates. In each plot, both
the measured mass of the n = 2, 3 particles used in the trigger candidate (shaded) and the
corrected mass obtained using Eq. 1 (unshaded) are shown. See Section 2 for discussion.

from candidates with ghost tracks and to keep the HLT2 topological lines in line with
HLT1, the HLT2 topological lines require that at least one daughter particle has a track
χ2 value less than 3.

B mesons are long-lived particles; their mean flight distance in the LHCb detector
is O(1 cm). The HLT2 topological lines exploit this fact by requiring that the trigger
candidate’s flight-distance χ2 value be greater than 64. The direction of flight is also
required to be downstream, i.e., the secondary vertex must be downstream of the primary
vertex. A large flight distance combined with a high parent mass results (on average) in
daughters with large impact parameters. The HLT2 topological lines require that the sum
of the daughter IPχ2 values be greater than 100, 150 and 200 for the 2-body, 3-body and
4-body lines, respectively.

One of the larger background contributions to the HLT2 topological lines comes from
prompt D mesons. To reduce this background, the HLT2 topological lines require that
all (n− 1)-body objects used by an n-body line either have a mass greater than 2.5 GeV
(the object is too heavy to be a D) or that they have an IPχ2 > 16 (the object does not
point at the primary vertex). An exhaustive list of the cuts used in all three of the HLT2
topological lines is given in Table 1.

3 Performance

Table 2 gives the efficiency of the HLT2 topological lines on events that pass the L0
and HLT1 one-track triggers for various offline-selected B-decay Monte Carlo samples.
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Figure 1: B-candidate masses from B → Kππ decays: (left) HLT2 2-body topological
trigger candidates; (right) HLT2 3-body topological trigger candidates. In each plot, both
the measured mass of the n = 2, 3 particles used in the trigger candidate (shaded) and the
corrected mass obtained using Eq. 1 (unshaded) are shown. See Section 2 for discussion.

from candidates with ghost tracks and to keep the HLT2 topological lines in line with
HLT1, the HLT2 topological lines require that at least one daughter particle has a track
χ2 value less than 3.

B mesons are long-lived particles; their mean flight distance in the LHCb detector
is O(1 cm). The HLT2 topological lines exploit this fact by requiring that the trigger
candidate’s flight-distance χ2 value be greater than 64. The direction of flight is also
required to be downstream, i.e., the secondary vertex must be downstream of the primary
vertex. A large flight distance combined with a high parent mass results (on average) in
daughters with large impact parameters. The HLT2 topological lines require that the sum
of the daughter IPχ2 values be greater than 100, 150 and 200 for the 2-body, 3-body and
4-body lines, respectively.

One of the larger background contributions to the HLT2 topological lines comes from
prompt D mesons. To reduce this background, the HLT2 topological lines require that
all (n− 1)-body objects used by an n-body line either have a mass greater than 2.5 GeV
(the object is too heavy to be a D) or that they have an IPχ2 > 16 (the object does not
point at the primary vertex). An exhaustive list of the cuts used in all three of the HLT2
topological lines is given in Table 1.

3 Performance

Table 2 gives the efficiency of the HLT2 topological lines on events that pass the L0
and HLT1 one-track triggers for various offline-selected B-decay Monte Carlo samples.
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The n-body candidates are built as follows: two input particles are combined to form
a 2-body object; another input particle is added to the 2-body object (that, at this point,
is treated like a single particle; more on this below) to form a three-body object; a fourth
input particle is added to the three-body object (that is now treated like a single particle)
to form a 4-body candidate. Thus, an n-body candidate is formed by combining an
(n − 1)-body candidate and a particle, not by combining n particles.

The importance of this distinction is in how the DOCA cuts are made. When a
2-body object is built, a DOCA < 0.15 mm cut is imposed for the object to either
become a 2-body candidate or input (when combined with another particle) to a 3-body
candidate. When a 3-body object is made by combining a 2-body object and another
particle, another DOCA < 0.15 mm cut is imposed for the object to either become a
3-body candidate or input to a 4-body candidate. This DOCA is of the 2-body object
and the additional particle, not the maximum DOCA of the three particles. This is a very
important difference; it greatly enhances the efficiency of the HLT2 topological lines on
B → DX decays. A similar procedure is followed when making 4-body candidates from
3-body objects and an additional particle. All n-body candidates that pass these DOCA
cuts are then filtered using a number of other selection criteria.

If a trigger candidate only contains a subset of the daughter particles, then the mass of
the candidate will be less than the mass of the B. Thus, any cuts on the mass would need
to be very loose if the trigger is to be inclusive. A better approach is to not cut on the
mass but to instead correct the mass of the trigger candidate to account for the missing
daughters. Of course, it is not possible to do this exactly because one can never know
how many daughters are missing or what type of particles they are; however, it is possible
to obtain a very good approximation to the correction using the following equation [4]:

mcorrected =
√

m2 + |p′Tmissing|
2 + |p′Tmissing|, (1)

where p′Tmissing is the missing momentum transverse to the direction of flight of the trigger
candidate (obtained from the primary and secondary verticies). The quantity mcorrected

would be the mass of the parent if a massless particle was omitted from the trigger
candidate, i.e., it is the minimum correction to the trigger-candidate mass if any daughters
are missing.

Figures 1 and 2 demonstrate the performance of mcorrected. For cases where there
are missing daughters, the mcorrected distributions are fairly narrow and peak near the
B mass. When the trigger candidate is formed from all of the daughters, the mcorrected

distributions, as expected, are slightly wider and shifted upwards by a small amount as
compared with the mass distributions. Thus, the performance of mcorrected is ideal for an
inclusive trigger line. The HLT2 topological lines require 4 GeV < mcorrected < 7 GeV.

Because B’s are heavy high-momentum particles, their daughters tend to have large
PT values. The HLT2 topological lines use this fact to reduce the background retention
rate by requiring the PT of the hardest daughter be greater than 1.5 GeV and also that
the sum of the daughter PT values be greater than 4 GeV, 4.25 GeV and 4.5 GeV for
the 2-body, 3-body and 4-body lines, respectively. To further reduce the background rate

4



A topological decision tree trigger
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The corrected mass is a good variable, but not good enough to deal with 
pileup on its own : deploy a boosted decision tree to discriminate 
between signal and background displaced vertices. 
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Figure 10: Response from the BBDT for minimum bias LHCb 2010 data (shaded grey),
pp → cc̄X Monte Carlo (blue), pp → bb̄X Monte Carlo (red) and all minimum bias Monte
Carlo (black). The Monte Carlo is not normalized to the data (see text for details). N.b.,
no muon or electron requirements were used when making this plot.
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2010 MB Data
cc MC10
bb MC10
MB MC10

DiMuon Trigger DiMuon Trigger + Topo

Real Data

Left : J/ψK candidates with a dimuon 
trigger and no detachment required

Right : the subset of these candidates 
which pass the topological triggerSee LHCb public notes 
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σefft = 45 fs
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