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Outline
๏B→K*μμ angular analysis and 

prospects 
๏CP Violation in the Bs →J/ψɸ decay 
๏Angular analysis of the B→J/ψΛp decay 
๏Spectroscopy of excited Bs and Bc 

mesons 
๏Conclusions 

๏N.B. All the references are clickable links
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LHC Run 2: Big Success
๏ 160 fb-1 has been delivered by the LHC in Run 2 (2015−2018), 

at a c.o.m. of 13 TeV, exceeding the original integrated 
luminosity projections 

๏ Over 140 fb-1 of physics-quality data recorded by ATLAS/ CMS 
๏ Thank you, LHC, for a spectacular run!
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Angular Analysis B→K*µµ
๏ Recent ATLAS measurement, aimed at P'5 and 

other angular coefficients 
★ Based on 2012 8 TeV data, 20 fb-1 

★ Inspired by recent LHCb ~3.4σ hint of 
a discrepancy in P'5 angular coefficient 

★ Possible connection to the b→sℓ+ℓ- flavor anomalies
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centre-of-mass frame (✓K ); the angle between the µ+ and the direction opposite to the B0
d in the dimuon

centre-of-mass frame (✓L); and the angle between the two decay planes formed by the K⇡ and the dimuon
systems in the B0

d rest frame (�). For B
0
d mesons the definitions are given with respect to the negatively

charged particles. Figure 1 illustrates the angles used.
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Figure 1: An illustration of the B0
d ! K⇤µ+µ� decay showing the angles ✓K , ✓L and � defined in the text. Angles

are computed in the rest frame of the K⇤, dimuon system and B0
d meson, respectively.

The angular di�erential decay rate for B0
d ! K⇤µ+µ� is a function of q2, cos ✓K , cos ✓L and �, and can

be written in several ways [16]. The form to express the di�erential decay amplitude as a function of the
angular parameters uses coe�cients that may be represented by the helicity or transversity amplitudes [17]
and is written as2

1
d�/dq2

d4�

d cos ✓Ld cos ✓Kd�dq2 =
9

32⇡

"
3(1 � FL)

4
sin2 ✓K + FL cos2 ✓K +

1 � FL

4
sin2 ✓K cos 2✓L

�FL cos2 ✓K cos 2✓L + S3 sin2 ✓K sin2 ✓L cos 2�
+S4 sin 2✓K sin 2✓L cos � + S5 sin 2✓K sin ✓L cos �
+S6 sin2 ✓K cos ✓L + S7 sin 2✓K sin ✓L sin �

+S8 sin 2✓K sin 2✓L sin � + S9 sin2 ✓K sin2 ✓L sin 2�

#
. (1)

Here FL is the fraction of longitudinally polarised K⇤ mesons and the Si are angular coe�cients. These
angular parameters are functions of the real and imaginary parts of the transversity amplitudes of B0

d
decays into K⇤µ+µ�. The forward-backward asymmetry is given by AFB = 3S6/4. The predictions for
the S parameters depend on hadronic form factors which have significant uncertainties at leading order.
It is possible to reduce the theoretical uncertainty in these predictions by transforming the Si using ratios
constructed to cancel form factor uncertainties at leading order. These ratios are given by Refs. [17, 18]

2 This equation neglects possible K⇡ S-wave contributions. The e�ect of an S-wave contribution is considered following the
method used by LHCb in Ref. [3].
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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P 0
5 =

S5p
FL(1� FL)

<latexit sha1_base64="zUY0u1/34kM808y+8r+pRlj3Cdw="></latexit>

P'5
~3.4σ

LHCb, JHEP 02 (2016) 104

https://arxiv.org/abs/1512.04442
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Fit Projections
๏ Four-dimensional fits in the m(K*μμ), ɸ, cosϴK, 

and cosϴL variables

 6

 [MeV]µµπKm
5200 5400 5600

Ev
en

ts
 / 

25
 M

eV

0

10

20

30
-1 = 8 TeV, 20.3 fbsATLAS 

2 [2.0, 4.0] GeV∈ 2S5 fold, q

Data
Total Fit Model
Signal
Background

 [rad]φ
0 1 2 3

π
Ev

en
ts

 / 
0.

04
 

0

10

20

-1 = 8 TeV, 20.3 fbsATLAS 
2 [2.0, 4.0] GeV∈ 2S5 fold, q

Data
Total Fit Model
Signal
Background

Kθcos 
1− 0.5− 0 0.5 1

Ev
en

ts
 / 

0.
08

0

10

20

30
-1 = 8 TeV, 20.3 fbsATLAS 

2 [2.0, 4.0] GeV∈ 2S5 fold, q
Data
Total Fit Model
Signal
Background

Lθcos 
0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

0.
04

0

10

20

-1 = 8 TeV, 20.3 fbsATLAS 
2 [2.0, 4.0] GeV∈ 2S5 fold, q

Data
Total Fit Model
Signal
Background

Figure 5: The distributions of (top left) mK⇡µµ, (top right) �, (bottom left) cos ✓K , and (bottom right) cos ✓L obtained
for q2 2 [2.0, 4.0] GeV2. The (blue) solid line is a projection of the total pdf, the (red) dot-dashed line represents
the background, and the (black) dashed line represents the signal component. These plots are obtained from a fit
using the S5 folding scheme.
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Results vs. Theory
๏ P'5 results are in agreement with other 

experiments and theory in the q2 < 6 GeV2 range 
★ Deviation from the DHMV predictions is 2.7σ in the  

4 < q2 < 6 GeV2 bin
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Figure 10: The measured values of FL , S3, S4, S5, S7, S8 compared with predictions from the theoretical calculations
discussed in the text (Section 8). Statistical and total uncertainties are shown for the data, i.e. the inner mark indicates
the statistical uncertainty and the total error bar the total uncertainty.
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DHMV: JHEP 12 (2014) 125 
JC: JHEP 05 (2013) 043, PRD 93 (2016) 014028 
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HL-LHC Projections
๏ Both ATLAS and CMS have 

projected for the HL-LHC 
★ CMS also has Run 3 projections 
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6. Conclusions 5

The increased amount of collected data foreseen for Phase-2 offers us the opportunity to per-
form the angular analysis in narrower q

2 bins, in order to measure the P0
5 shape as a function of

q
2 with finer granularity. The q

2 region below the J/y mass (squared), which is more sensitive to
possible new physics effects, is considered. Each Run I q

2 bin is split into smaller and equal-size
bins trying to achieve a statistical uncertainty of the order of the total systematic uncertainty in
the same bin with the additional constraint of having a bin width at least 5 times larger than
the dimuon mass resolution sr. If both conditions cannot be satisfied, then only the looser re-
quirement on the 5sr bin width is imposed. The dimuon mass resolution is obtained from the
MC simulation as a function of q

2. With respect to the Phase-2 systematic uncertainties with
wider bins, the systematic uncertainties that were scaled the same as the statistical uncertain-
ties are adjusted to account for less data in each bin while the other systematic uncertainties are
unchanged. The resulting binning is given in Table 2, along with the projected statistical and
systematic uncertainties. The lower two pads of Fig. 3 show the projected statistical and total
uncertainties.
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Figure 2: Projected statistical (hatched regions) and total (open boxes) uncertainties on the P0
5

parameter versus q
2 in the Phase-2 scenario with an integrated luminosity of 300 fb�1. The

CMS Run I measurement of P0
5 is shown by circles with inner vertical bars representing the

statistical uncertainties and outer vertical bars representing the total uncertainties. The vertical
shaded regions correspond to the J/y and y0 resonances.

6 Conclusions

The large amount of data expected from the HL-LHC will allow CMS to investigate rare B
physics decay channels and, in particular, precisely measure the P0

5 parameter shape in the
B0 ! K⇤0µ+µ� mode through an angular analysis. With the large data set of 3000 fb�1, cor-
responding to around 700K fully reconstructed B0 ! K⇤0µ+µ� events, the P0

5 uncertainties in
the q

2 bins are estimated to improve by up to a factor of 15 compared to the CMS measurement
from 20 fb�1 of 8 TeV data. We also studied the possibility to perform the analysis of the an-
gular observables in narrower q

2 bins, as a better determination of the P0
5 parameter shape will

allow significant tests for both beyond Standard Model physics and between different Stan-
dard Model calculations. The future sensitivity of the P0

5 angular variable has been presented,
however it is worth mentioning that, with the foreseen HL-LHC high statistics, CMS will have
the capability to perform a full angular analysis of the B0 ! K⇤0µ+µ� decay mode.
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Figure 3: Projected statistical (hatched regions) and total (open boxes) uncertainties on the P0
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parameter versus q
2 in the Phase-2 scenario with an integrated luminosity of 3000 fb�1. The

CMS Run I measurement of P0
5 is shown by circles with inner vertical bars representing the

statistical uncertainties and outer vertical bars representing the total uncertainties. The vertical
shaded regions correspond to the J/y and y0 resonances. The two lower pads represent the
statistical (upper pad) and total (lower pad) uncertainties with the finer q
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CP Violation in the 
Bs → J/ψɸ Decay
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CP Violation in Bs → J/ψɸ 
๏ New analysis from ATLAS based on 2016+2017 13 TeV data (80.5 fb-1) 

taken with a dimuon J/ψ trigger, combined with an earlier 7+8 TeV 
result 
★ The trigger has been corrected for the time-time-dependence of the 

efficiency for muons with large displacement 
๏ Use opposite-side tagging (based on a combination of the lepton and 

track-in-cone charge), calibrated with self-tagging B± → J/ψK± decays 
★ A tagging efficiency of ε = 14.7% with an effective dilution of D = 33.4% 

and tagging power εD2 = 1.7% has been achieved 
★ 3.2M Bs → J/ψ(μ+μ-)ɸ(K+K-) candidates, 0.5M remains after tagging 

๏ A maximum likelihood fit to data with 9 parameters, including ɸs, Γs, 
ΔΓs is performed
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ATLAS CONF Note

ATLAS-CONF-2019-009
20th March 2019

Measurement of the CP violation phase �s in
B0
s ! J/ � decays in ATLAS at 13 TeV

The ATLAS Collaboration

A measurement of the B0
s ! J/ � decay parameters using 80.5 fb�1 of integrated luminosity

collected with the ATLAS detector from 13 TeV pp collisions at the LHC is presented. The
measured parameters include the CP-violating phase �s, the width di�erence ��s between
the B0

s meson mass eigenstates and the average decay width �s. The values measured for the
physical parameters are combined with those from 19.2 fb�1 of 7 TeV and 8 TeV data, leading
to the following:

�s = �0.076 ± 0.034 (stat.) ± 0.019 (syst.) rad
��s = 0.068 ± 0.004 (stat.) ± 0.003 (syst.) ps�1

�s = 0.669 ± 0.001 (stat.) ± 0.001 (syst.) ps�1

Results for �s and ��s are also presented as 68% likelihood contours in the �s – ��s plane.
Furthermore the transversity amplitudes and corresponding strong phases are measured. All
measurements are in agreement with the Standard Model predictions.

© 2019 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

ATLAS-CONF-2019-009 

0.664 ±0.004 (PDG)

0.083 ±0.006 (PDG)

-0.021 ±0.031 (HFLAV)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-009/
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ATLAS CPV Results
๏ The new data are consistent with an earlier ATLAS result 
๏ The results are consistent within 2σ with the HFLAV/PDG 

world-average values for these parameters 
★ A significant improvement in the precision in Γs is achieved 

๏ At 1σ level the new result it is also consistent with the LHCb 
and CMS measurements
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Figure 8: Likelihood 68% confidence level contours in the �s – ��s plane, showing ATLAS results for 7 TeV and
8 TeV data (blue dashed-dotted curve), for 13 TeV data (green dashed curve) and for 13 TeV data combined with
7 TeV and 8 TeV (red solid curve) data. In all contours the statistical and systematic uncertainties are combined in
quadrature and correlations are taken into account.

Figure 9: Likelihood 68% confidence level contours in the �s – ��splane, including results from LHCb (green) and
CMS (red) using 7 TeV and 8 TeV data. The brown contour shows the ATLAS result for 13 TeV combined with
7 TeV and 8 TeV. In all contours the statistical and systematic uncertainties are combined in quadrature.
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Figure 9: Likelihood 68% confidence level contours in the �s – ��splane, including results from LHCb (green) and
CMS (red) using 7 TeV and 8 TeV data. The brown contour shows the ATLAS result for 13 TeV combined with
7 TeV and 8 TeV. In all contours the statistical and systematic uncertainties are combined in quadrature.
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Study of the  
B→J/ψΛp Decay



G
re

g 
La

nd
sb

er
g 

- H
ea

vy
-F

la
vo

r S
pe

ct
ro

sc
op

y 
in

 A
TL

AS
 &

 C
M

S

Baryonic B Decays
๏ B → J/ψΛp is a rare baryonic decay of the B+ meson, observed in 

2005 by Belle with a handful (17.2 ± 4.1) of events: 
★ B(B- → J/ψΛp) = (11.6 ± 2.8+1.8-2.3) x 10-6 

๏ Attempted to study the three two-body masses, but the results 
were inconclusive because of a low signal yield 

๏ Historically, rich potential way of looking for new resonances:  
the X, Y particles were discovered in the B → J/ψ + X decays 
★More recently LHCb saw two pentaquark  

candidates (P+c) in the Λb → J/ψ + X decays

 13 Belle, PRD 72 (2005) 051105
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FIG. 2: (a) (Mbc, ∆MB) scatterplot of B0 → J/ψpp̄ candidates and its projections on to (b) ∆MB with 5.27 GeV/c2 < Mbc <
5.29 GeV/c2 and (c) Mbc with |∆MB | < 0.02 GeV/c2. The dashed lines and the solid box indicate the signal regions. The
curves are the result of the fit.
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FIG. 3: Invariant mass distributions for (a) M(J/ψΛ), (b) M(J/ψp̄) and (c) M(Λp̄) for the sixteen signal-region B− → J/ψΛp̄
candidates. The histograms are phase space distributions from the signal MC sample normalized to sixteen events.

tion using MC-determined bin-by-bin efficiencies. The
maximum difference between the nominal value of the
branching fraction and the values obtained with differ-
ent choices of bins is assigned as a systematic error.
For B− → J/ψΣ0p̄ (B0 → J/ψpp̄), the distribution
in phase space is unknown and we conservatively assign
the maximum variation of efficiency among the slices of
M(J/ψ,Λ), M(J/ψ,p̄) and M(Λ,p̄) [M(J/ψ,p), M(J/ψ,p̄)
and M(p,p̄)] as a systematic uncertainty. The Λ recon-
struction error is determined by comparing the transverse
proper flight distance distributions for data and MC sim-
ulation. The discrepancies weighted by distributions of
the Λ momentum and the decay length are assigned as
systematic errors. The uncertainties in the tracking effi-
ciency are estimated by linearly adding the momentum-
dependent single track systematic errors. We assign un-
certainties of 3% per proton, 2% per pion, and 2% per
lepton for the particle and lepton identification.

The systematic errors for the background yield are
evaluated by varying each of the PDF parameters by its
statistical error from the fit and by fixing the signal yield
at zero in the case of B0 → J/ψpp̄ to accommodate the
possibility that an overestimate of the background might

be causing the large negative signal yield (−6.1± 2.2).
In summary, we have observed a 17.2±4.1 event signal

for B− → J/ψΛp̄, with a statistical significance of 11.1σ.
The measured branching fraction is B(B− → J/ψΛp̄)
= 11.6 ± 2.8(stat.)+1.8

−2.3(sys.) × 10−6. This establishes
a new type of baryonic B decay, B → charmonium +
baryon anti-baryon. The Λp̄ distribution for this decay
is consistent with a phase space, in contrast to B → Λp̄π
[9] and other baryonic B decays. No significant signals
are found for the B− → J/ψΣ0p̄ and B0 → J/ψpp̄
decay modes. We obtain upper limits on the branch-
ing fractions of B(B− → J/ψΣ0p̄) < 1.1 × 10−5 and
B(B0 → J/ψpp̄) < 8.3× 10−7 at 90% confidence level.
We thank the KEKB group for the excellent opera-

tion of the accelerator, the KEK cryogenics group for the
efficient operation of the solenoid, and the KEK com-
puter group and the NII for valuable computing and
Super-SINET network support. We acknowledge sup-
port from MEXT and JSPS (Japan); ARC and DEST
(Australia); NSFC (contract No. 10175071, China); DST
(India); the BK21 program of MOEHRD, and the CHEP
SRC and BR (grant No. R01-2005-000-10089-0) pro-
grams of KOSEF (Korea); KBN (contract No. 2P03B

4

TABLE I: Summary of the results. Y and b are the fitted signal and total background yields in the signal region, n0 is the
observed number of candidate events in the signal region, ϵ (error includes systematic error) is the detection efficiency, Y90 is
the upper limit on the signal yield at 90% confidence level and B is the branching fraction.

mode Y b n0 ϵ(%) Y90 B
B− → J/ψΛp̄ 17.2 ± 4.1 0.41± 0.09(stat.) 16 7.2+1.1

−1.4 − 11.6± 2.8(stat.)+1.8
−2.3(sys.)× 10−6

B− → J/ψΣ0p̄ −1.1± 1.7 0.31± 0.04(stat.)± 0.03(sys.) 1 2.3+0.9
−0.8 < 5.3 < 1.1 × 10−5

B0 → J/ψpp̄ −6.1± 2.2 0.94± 0.10(stat.)+0.04
−0.16(sys.) 3 26.4+6.8

−5.4 < 7.1 < 8.3 × 10−7
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FIG. 1: (a) The (Mbc, ∆MB) scatterplot of B− → J/ψΛp̄ candidates and its projections onto (b) ∆MB with 5.265 GeV/c2

< Mbc < 5.29 GeV/c2 and (c) Mbc with |∆MB | < 0.03 GeV/c2. The dashed lines and solid boxes indicate the signal regions.
The curves are the result of the fit as described in the text.

cross-feed is modeled by a smoothed histogram from the
B− → J/ψΛp̄ MC sample.

In the fit, the value of Nk and the parameters for com-
binatoric background are allowed to float. Figures 1 and
2 show the (Mbc, ∆MB) scatterplots and their projec-
tions for candidates after all selections are applied. The
fit results are superimposed on the projections. There
are sixteen candidate events in the signal region for
B− → J/ψΛp̄, one for B− → J/ψΣ0p̄ and three for
B0 → J/ψpp̄.

Table I summarizes the maximum-likelihood fit results
for the signal (Y ) and signal-region background (b) yields
and their statistical errors. For the B− → J/ψΛp̄ decay
the fit gives 17.2 ± 4.1 signal events with a statistical
significance of 11.1σ. The statistical significance is de-
fined as

√

−2 ln(L0/Lmax), where Lmax and L0 denote
the maximum likelihood with the fitted signal yield and
with the yield fixed at zero, respectively. No significant
signal is found for the B− → J/ψΣ0p̄ and B0 → J/ψpp̄
decay modes, while the number of cross-feed events in the
∆MB sideband of B0 → J/ψpp̄ (9.0 ± 3.2) is consistent
with the expectation from the observed B− → J/ψΛp̄
signal yield (7.0 ± 1.7). For these two modes, we obtain
upper limits on the yield at 90% confidence level (Y90)
using the Feldman-Cousins method [19], which takes into
account the systematic errors due to the uncertainties in
the signal detection efficiency and the background yield
[20].

The branching fraction is determined with NS/[ϵ ×
NBB̄ ×B(J/ψ → l+l−)×B(Λ → pπ−)] for B− → J/ψΛp̄
and the partially reconstructed B− → J/ψΣ0p̄. For
B0 → J/ψpp̄ we use NS/[ϵ × NBB̄ × B(J/ψ → l+l−)].
Here NS is the signal yield, NBB̄ is the number of BB̄
pairs. We use the world averages [16] for the branching
fractions of B(J/ψ → l+l−) and B(Λ → pπ−). The ef-
ficiencies (ϵ) are determined from the signal MC sample
with the same selection as used in the data. A three-
body phase space model is employed for all three decay
modes. The fractions of neutral and charged B mesons
produced in Υ(4S) decays are assumed to be equal.

Figure 3 demonstrates the consistency between the ob-
served invariant mass distributions M(J/ψΛ), M(J/ψp̄),
and M(Λp̄) of the sixteen B− → J/ψΛp̄ candidates and
the phase space distributions obtained from signal MC.

The sources and sizes of systematic uncertainties are
summarized in Table II. The systematic uncertainty on
the yield is examined by varying each fixed shape param-
eter by±1σ. A possible bias in the fitting is studied using
MC samples; no significant bias is found. The systematic
uncertainty assigned to the yield is 2.5%.

The dominant sources of systematic errors on the effi-
ciency are uncertainties in the three-body decay model,
Λ reconstruction, tracking efficiency and particle iden-
tification. To estimate the error due to uncertainty in
decay modeling for B− → J/ψΛp̄, we subdivide phase
space into a few bins and recompute the branching frac-
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Figure 1: (Upper) Invariant mass distribution of the selected B+ ! J/yLp candidates. (Lower
row) The J/yK0

Sp+ (left) and K0
Sp+ (right) invariant mass distributions in the B+ ! J/yK⇤+

decay. The points are data and the curves are results of the fits described in the text.

For the study of 2-body intermediate invariant masses in the B+ ! J/yLp decay, the efficiency167

is calculated as the function of two variables: cosine of the pL (K⇤) system helicity angle, which168

is defined as the angle between the L and B+ momentum vectors in the Lp system rest frame,169

cos(qK⇤), and the invariant mass of the pL system, M(pL). The two-dimensional (2D) effi-170

ciency is calculated as the ratio of the 2D histogram at the reconstruction level to the simulated171

2D histogram. The efficiency correction is performed on data by applying the 1
e(M(pL),cos(qK⇤ ))

172

weight to each event. Efficiency values at each point in 2D space are evaluated using bilinear173

interpolation algorithm. The values inside the border bins of the 2D space are assumed to be174

the values at the centers of the corresponding bins.175

6 Evaluation of the systematic uncertainties176

In this section we discuss the sources of the systematic uncertainty in the ratio B(B+!J/yLp)
B(B+!J/yK⇤+) ,177

defined by Eq. (1). Since the signal B+ ! J/yLp and the normalization B+ ! J/yK⇤+ decays178

have the same topology, the systematic uncertainties related to the muon reconstruction, track179

reconstruction, and the trigger efficiency are cancelled in the ratio of the branching fractions.180

Other systematic uncertainties are discussed below.181

The systematic uncertainty related to the choice of the background model is estimated sepa-182

rately for the fits to the J/yLp, J/yK0
Sp+, and K0

Sp+ invariant mass distributions. The variation183

of the background model includes Bernstein polynomials of the first, second, and third order184

for the J/yK0
Sp+ invariant mass distribution; and (x� x0)a function multiplied by the Bernstein185

polynomials of the first and second order for the J/yLp and K0
Sp+ invariant mass distributions.186
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B → J/ψΛp Decay in CMS

 14

452 ± 23 events

black points – 8 TeV efficiency corrected  
and background subtracted using sPlot data 
red line – generated pure PS MC

Significance of data inconsistency  
with pure PS is calculated using  
likelihood ratio method (details will be given later)

Significance = 6.5σSignificance = 7.6σ

Significance = 4.5σ

Invariant mass distributions from B− → J/ψΛp̄ decay
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black points – 8 TeV efficiency corrected  
and background subtracted using sPlot data 
red line – generated pure PS MC

Significance of data inconsistency  
with pure PS is calculated using  
likelihood ratio method (details will be given later)

Significance = 6.5σSignificance = 7.6σ

Significance = 4.5σ

Invariant mass distributions from B− → J/ψΛp̄ decay

!13

๏ The analysis is based on 8 TeV 2012 data, 19.6 fb-1 

๏ Use B → J/ψK* → J/ψK0
Sπ as the normalization 

channel, which has a similar efficiency 
★Measured branching fraction is: 

 (15.07 ± 0.81 (stat) ± 0.40 (syst) ± 0.86 (Br)) × 10−6  
★Most precise to date & consistent with Belle 

๏ Large signal yield allowed to study the two-body 
masses in more detail than Belle 
★ Phase-space fit fails pretty badly in all three  

two-body mass distributions

CMS PAS BPH-18-005

pT(µ±) > 4.0 GeV/c; pT(J/ψ) > 7.0 GeV/c;   

|M(J/ψ)-3096.916 MeV| < 100 MeV;  

pT(p) > 1 GeV/c; pT(Λ) > 1 GeV/c; 

track χ2/ndf < 5; cosPV (α)>0.99 

PixelHits(p) ≥ 2; StripHits(p) ≥ 4; 

pT(B) > 10 GeV/c; 

(PV- B vertex) significancexy > 3.0; 

Probability(B  vertex) > 1%; 

cos (αB-vertex, Λ)>0;|M(pπ−) − M(Λ) | < 2σeff
Λ , where σeff

Λ = 3.671 MeV measured on data
|M((p → π+ )π−) − M(Ks) | > 2σeff

Ks
, where σeff

Ks
= 9.17 MeV measured on data

Selection criteria and data

Reconstruction strategy: 
This analysis involves kinematic fit of the p, π tracks to the Λ vertex with constraint to the  
Λ mass and fit of  µ- µ+, p, Λ to the common B vertex with constraint of the M(µ- µ+) to the J/ψ 
mass. The selection of the best primary vertex is based on the choosing the PV corresponding to 
the minimal 3D pointing angle of the B  momenta. 

Data: 8 TeV, MuOnia dataset 
Triggers: HLT_DoubleMu4_JpsiDisplaced_v* 
Muons matching, soft muons and high purity tracks, i.e. all features as in 
BPH-16-002 and BPH-16-003

µ–

µ+

J/ψ

B+

p p

p

PV

π+

Λ̄

p̄

!5

2012

2012

https://cds.cern.ch/record/2668754?ln=en
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Method of Moments
๏ Before assuming new resonances, must exclude non-exotic scenarios 
๏ Use model-independent method of moments, invented by BaBar  

[PRD 79 (2009) 112001] and further refined by LHCb [PRD 92 (2015) 112009; 
PRL 117 (2016) 082002] 

๏ Attempt to take into account the potential reflection from several K* 
resonances, which can decay in Λp 
★ In each M(Λp) bin, fit the angular distribution with a sum of Legendre 

polynomials in cos of the K*(Λp) decay helicity angle, defined as the angle 
between the Λ and B in the Λp rest frame: 

★ For ℓmax equal to twice the spin of the highest-spin resonance, can describe all 
the resonances and their interference 

★Use ℓmax = 2 x 4 = 8 and weight the distributions with the ⟨PjU⟩ moments

 15

D. Helicity angles calculation 35

1.000 mu+ mu- PHOTOS VLL;608

Enddecay609
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Decay MyB+611

1.000 MyJpsi MyK*+ PHSP;612

Enddecay613
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Enddecay617
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Decay MyK*+619

1.000 K_S0 pi+ VSS;620

Enddecay621

CDecay MyK*-622

#623

End"""624

D Helicity angles calculation625

In our analysis we use the following angular variable cos(qK⇤), where cos(qK⇤) is the cosine of626

p̄L (K⇤) helicity angle which is the angle between L momentum and B
� momentum in p̄L rest627

frame. For the calculation of cos(qK⇤) we use the following formula:628

cos(qK⇤) =
2 · M

2( p̄L)(M
2(J/y p̄)� M

2
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2
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2
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Figure 33: Illustration of B
� ! J/yL p̄ decay angles.

Λp rest frame

9. Study of J/yL, J/yp̄ and Lp̄ mass spectra 19

that it is not flat and this indicates some structure which could affect intermediate invariant376

masses distributions. The definition of cos(qK⇤) variable is given in App. D. The efficiency377

dependence on cos(qK⇤) is shown in Fig. 16, we can see that the distribution is flat, and that378

gives us the opportunity to use this model independent approach to study 2-body invariant379

masses in B
� ! J/yL p̄ decay.

Table 6: Known excited K
⇤ that can decay in p̄L final state.

Resonance Mass, [MeV] Width, [MeV] J
P

K�⇤
4 (2045) 2045±9 198±30 4+

K�⇤
2 (2250) 2247±17 180±30 2�

K�⇤
3 (2320) 2324±24 150±30 3+
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Figure 15: The cos(qK⇤) distribution for background subtracted and efficiency corrected data on
the left picture and cos(qK⇤) distribution on reconstructed MC sample on the right picture.
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Figure 16: Efficiency dependence on cos(qK⇤) variable.

9.2 Moments calculation in Lp̄ system381

In each of the M(L p̄) bin the cos(qK⇤) distribution can be expressed as an expansion in terms of382

Legendre polynomials:383

dN

dcosqK⇤
=

lmax

Â
j=0

< P
U

j
> Pj(cosqK⇤), (4)384

where Pj are Legendre polynomials, P
U

j
- unnormalized Legendre moments (moments, in the385

following) contain the full angular structure information of L p̄ system and can be expressed386
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Figure 3: The invariant mass distributions of the J/y p (upper left), J/yL (upper right), and
pL (lower) systems from the B+ ! J/yLp decay. The points are efficiency-corrected and
background-subtracted data. Superimposed curves are obtained from simulation: the red
curve represents the phase space distribution corrected by the Lp angular structure with the
inclusion of the first eight moments corresponding to the resonances in the pL system with the
maximum spin S = 4; the dashed red curve is the fit to the phase space distribution reweighted
according to the 1D cos qK⇤ distribution, which is defined as the H1 hypothesis and explained
in Section 8.3; the black dashed line corresponds to the pure phase space fit.

flat and has a structure that could potentially affect the two-body invariant mass distributions243

under study.244

Table 2: Known excited K⇤ states [3] that can decay to pL.
Resonance Mass, [MeV] Natural Width, [MeV] J

P

K⇤
4(2045)+ 2045 ± 9 198 ± 30 4+

K⇤
2(2250)+ 2247 ± 17 180 ± 30 2�

K⇤
3(2320)+ 2324 ± 24 150 ± 30 3+

In each M(Lp) bin, the cos(qK⇤) distribution can be expressed as an expansion in terms of245

Legendre polynomials:246

dN

d cos qK⇤
=

lmax

Â
j=0

hP
U

j
iPj(cos qK⇤), (2)

where lmax depends on the maximum angular momentum needed to describe the data, Pj are247

Legendre polynomials, hP
U

j
i are unnormalized Legendre moments (moments, in the follow-248

ing). The Legendre moments contain the full angular information of the Lp system and can be249

Λ

p
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Reweighted Results
๏ This model-independent approach is more  

powerful than simply reweighting the cos(ϴK*) 
distribution according to the observed one in 
data 

๏ Drastically improves the agreement w/ the  
phase space decay model 

๏ Compatibility with data is now within ~2.3σ, 
eliminating the need for new resonances!
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Figure 3: The invariant mass distributions of the J/y p (upper left), J/yL (upper right), and
pL (lower) systems from the B+ ! J/yLp decay. The points are efficiency-corrected and
background-subtracted data. Superimposed curves are obtained from simulation: the red
curve represents the phase space distribution corrected by the Lp angular structure with the
inclusion of the first eight moments corresponding to the resonances in the pL system with the
maximum spin S = 4; the dashed red curve is the fit to the phase space distribution reweighted
according to the 1D cos qK⇤ distribution, which is defined as the H1 hypothesis and explained
in Section 8.3; the black dashed line corresponds to the pure phase space fit.

flat and has a structure that could potentially affect the two-body invariant mass distributions243

under study.244

Table 2: Known excited K⇤ states [3] that can decay to pL.
Resonance Mass, [MeV] Natural Width, [MeV] J

P

K⇤
4(2045)+ 2045 ± 9 198 ± 30 4+

K⇤
2(2250)+ 2247 ± 17 180 ± 30 2�

K⇤
3(2320)+ 2324 ± 24 150 ± 30 3+

In each M(Lp) bin, the cos(qK⇤) distribution can be expressed as an expansion in terms of245

Legendre polynomials:246

dN

d cos qK⇤
=

lmax

Â
j=0

hP
U

j
iPj(cos qK⇤), (2)

where lmax depends on the maximum angular momentum needed to describe the data, Pj are247

Legendre polynomials, hP
U

j
i are unnormalized Legendre moments (moments, in the follow-248

ing). The Legendre moments contain the full angular information of the Lp system and can be249
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Figure 3: The invariant mass distributions of the J/y p (upper left), J/yL (upper right), and
pL (lower) systems from the B+ ! J/yLp decay. The points are efficiency-corrected and
background-subtracted data. Superimposed curves are obtained from simulation: the red
curve represents the phase space distribution corrected by the Lp angular structure with the
inclusion of the first eight moments corresponding to the resonances in the pL system with the
maximum spin S = 4; the dashed red curve is the fit to the phase space distribution reweighted
according to the 1D cos qK⇤ distribution, which is defined as the H1 hypothesis and explained
in Section 8.3; the black dashed line corresponds to the pure phase space fit.

flat and has a structure that could potentially affect the two-body invariant mass distributions243

under study.244

Table 2: Known excited K⇤ states [3] that can decay to pL.
Resonance Mass, [MeV] Natural Width, [MeV] J

P

K⇤
4(2045)+ 2045 ± 9 198 ± 30 4+

K⇤
2(2250)+ 2247 ± 17 180 ± 30 2�

K⇤
3(2320)+ 2324 ± 24 150 ± 30 3+

In each M(Lp) bin, the cos(qK⇤) distribution can be expressed as an expansion in terms of245

Legendre polynomials:246

dN

d cos qK⇤
=

lmax

Â
j=0

hP
U

j
iPj(cos qK⇤), (2)

where lmax depends on the maximum angular momentum needed to describe the data, Pj are247

Legendre polynomials, hP
U

j
i are unnormalized Legendre moments (moments, in the follow-248

ing). The Legendre moments contain the full angular information of the Lp system and can be249

Method of moments cos(ϴK*) reweighing
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FIG. 2: Strange bottom mass predictions for the AR model (blue and left set of lines) and Godfrey-Isgur model (black and
right set of lines).

ical problems (evidently this problem was not discovered
because the spectrum was obtained with a simple varia-
tional calculation). The first two of these papers did not
examine radiative or strong transitions; radiative transi-
tions were computed in the latter.

More recently, the chiral quark model has been re-
visited for the strong decays of open flavor mesons[25].
This work employed SHO mesonic wavefunctions with a
fixed Gaussian width. Two additional papers have com-
puted B and D meson spectra with the Godfrey-Isgur
model[26, 27]. They have also calculated strong decays
using a very similar method to that presented here; the
main di↵erence is that the latter group incorporated a
quark form factor in the 3

P0 vertex to suppress high en-
ergy decay modes and used SHO mesonic wavefunctions
with a single Gaussian width. A similar computation of
the B and D spectra was made with a model with rel-
ativistic quark kinetic energy and an interaction with a
running coupling and smeared delta functions[28]. De-
cays were not considered. Finally, Liu et al. have made
a Foldy-Wouthuysen reduction of the instantaneous ap-
proximation to the Bethe-Salpeter equation and obtained
the D, Ds, B, and Bs spectra[29].

Shortly after this work appeared, a computation that

used the model of Ref. [11] was submitted to the arXiv
[30]. The authors computed B and Bs spectra and strong
decays with the 3

P0 model using full mesonic wavefunc-
tions. A factor of mu/ms was applied to the 3

P0 coupling
to suppress strange quark production. This factor can be
justified by considering the quark pair production inter-
action to be proportional to

R
 ̄ [41], however this is a

model assumption, and we must resort to experiment to
decide the issue.

III. RADIATIVE TRANSITIONS

A. E1 Transitions

Radiative transitions could play an important role in
the discovery and identification of B and Bs states. They
are sensitive to the internal structure of states, in partic-
ular to 3

LL �
1
LL mixing for states with J = L. In this

section we calculate the electric dipole (E1) and magnetic
dipole (M1) radiative widths. The partial width for an E1
radiative transition between states in the nonrelativistic
quark model is given by [31]

Godfrey, Moats, Swanson PRD 94 (2016) 054025 

Focus on 1P states 
Bs1 and Bs2*

AR model

GI model

๏ Only a few excited Bs states have been observed so far: 
B*s(5416), Bs1(5830), B*s2(5840), possibly X(5568); theory 
predictions are not exact either - very rich field for exploration

https://arxiv.org/abs/1607.02169


๏ CMS analysis based on 2012 data @ 8 TeV studying p-wave 
excitations, in particular Bs1 (js = 3/2, JP = 1+) and B*s2 (js = 3/2, 
JP = 2+) [observed by CDF, D0, and later LHCb] 
★First observation of B*s2 → B0Ks0 with 6.3σ significance;  

a 3.9σ evidence for  Bs1 → B*0Ks0 is also seen 
★The following branching fraction ratios were measured: 

★Also measured mass differences:
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obtained by repeating the baseline fit with the resolution increased or decreased by this value.
The largest deviation in the measured natural width with respect to the baseline value is used
as a systematic uncertainty.

The systematic uncertainties related to the invariant mass resolution are estimated in the same
way as in the previous subsections and are found to be up to 0.007 MeV for the mass differences
and 0.2 MeV for the natural width. This source of uncertainty is conservatively considered to
be uncorrelated with the systematic uncertainty related to a possible detector misalignment.

These systematic uncertainties are summarized in Table 5, together with the total systematic
uncertainties, calculated by summing in quadrature the different contributions. It was checked
that the mass of the B+ meson, measured in the B+ ! J/yK+ decay, is consistent with the
world-average value, after taking into account the systematic uncertainties related to the shift
from the reconstruction and possible detector misalignment.

Table 5: Systematic uncertainties (in MeV) in the measured mass differences and natural width.
The B⇤

s2 width is measured only in the B+K� channel.

Source DM
±
B⇤

s2
DM

±
Bs1

DM
0
B⇤

s2
DM

0
Bs1

MB0 � MB+ MB⇤0 � MB⇤+ GB⇤
s2

mB+p� distribution model 0.024 0.008 — — 0.024 0.008 0.11
mB+K� distribution model 0.011 0.043 — — 0.011 0.043 0.11
mB0K0

S
distribution model — — 0.039 0.038 0.039 0.038 —

Uncertainties in M
PDG
B⇤ � M

PDG
B 0.012 0.003 0.003 0.0001 0.012 0.003 0.03

Shift from reconstruction 0.056 0.044 0.050 0.042 0.075 0.061 —
Detector misalignment 0.036 0.005 0.031 0.006 0.038 0.008 0.15
Mass resolution 0.007 0.005 0.005 0.005 0.009 0.007 0.20

Total 0.073 0.063 0.071 0.057 0.098 0.085 0.30

6 Results
The decay B⇤

s2 ! B0K0
S is observed for the first time with a corresponding statistical significance

of 6.3 standard deviations. The first evidence (3.9 standard deviations) for the decay Bs1 !
B⇤0K0

S is found. In the measurements presented below of the relative branching fractions, cross
sections multiplied by branching fractions, masses, mass differences, and natural width, the
first uncertainty is statistical, the second is systematic, and if there is a third, it is related to
the uncertainties in the world-average values of the branching fractions, masses, and mass
differences [12].

Formulae (1)–(4) are used with the branching fractions [12] B(B+ ! J/yK+) = (1.026 ±
0.031) 10�3, B(B0 ! J/yK⇤0) = (1.28 ± 0.05) 10�3, B(K⇤0 ! K+p�) = (0.99754 ± 0.00021),
and B(K0

S ! p+p�) = (0.6920 ± 0.0005) to determine the following ratios of branching frac-
tions:

R
0±
2 =

B(B⇤
s2 ! B0K0

S )

B(B⇤
s2 ! B+K�)

= 0.432 ± 0.077 ± 0.075 ± 0.021,

R
0±
1 =

B(Bs1 ! B⇤0K0
S )

B(Bs1 ! B⇤+K�)
= 0.49 ± 0.12 ± 0.07 ± 0.02,

R
±
2⇤ =

B(B⇤
s2 ! B⇤+K�)

B(B⇤
s2 ! B+K�)

= 0.081 ± 0.021 ± 0.015,

R
0
2⇤ =

B(B⇤
s2 ! B⇤0K0

S )

B(B⇤
s2 ! B0K0

S )
= 0.093 ± 0.086 ± 0.014.

13

The ratio R
0±
2 is in good agreement with the theoretical predictions of about 0.43 [22, 23], while

the ratio R
0±
1 is 2.5 standard deviations away from the theoretical prediction of 0.23 [22], which,

however, has no uncertainty estimate. The third ratio is in agreement with the measurements
of LHCb [5] and CDF [6]: 0.093 ± 0.013 ± 0.012 and 0.10 ± 0.03 ± 0.02, respectively. It is also
consistent with the theoretical predictions [22–25]. The fourth ratio is a new result.

In addition, using Eqs. (5)–(6), the ratios of production cross sections times branching fractions
are measured:

R
±
s =

s(pp ! Bs1X)B(Bs1 ! B⇤+K�)
s(pp ! B⇤

s2X)B(B⇤
s2 ! B+K�)

= 0.233 ± 0.019 ± 0.018,

R
0
s =

s(pp ! Bs1X)B(Bs1 ! B⇤0K0
S )

s(pp ! B⇤
s2X)B(B⇤

s2 ! B0K0
S )

= 0.266 ± 0.079 ± 0.063.

The value of R
±
s was previously determined by LHCb to be 0.232 ± 0.014 ± 0.013 [5] at

p
s =

7 TeV and in a different pseudorapidity region, consistent with the result presented here.

The following mass differences are obtained:

DM
±
B⇤

s2
= M(B⇤

s2)� M
PDG
B+ � M

PDG
K� = 66.87 ± 0.09 ± 0.07 MeV,

DM
0
B⇤

s2
= M(B⇤

s2)� M
PDG
B0 � M

PDG
K0

S
= 62.37 ± 0.48 ± 0.07 MeV,

DM
±
Bs1

= M(Bs1)� M
PDG
B⇤+ � M

PDG
K� = 10.45 ± 0.09 ± 0.06 MeV,

DM
0
Bs1

= M(Bs1)� M
PDG
B⇤0 � M

PDG
K0

S
= 5.61 ± 0.23 ± 0.06 MeV.

The first two mass differences are in good agreement with LHCb [5] and CDF [6] results (see
Table 1). Using these two measurements, the world-average masses of the B+ and K� mesons,
and the mass difference M

PDG
B⇤+ � M

PDG
B+ , the B(⇤)

s1,2 masses are determined:

M(B⇤
s2) = 5839.86 ± 0.09 ± 0.07 ± 0.15 MeV,

M(Bs1) = 5828.78 ± 0.09 ± 0.06 ± 0.28 MeV.

The measured masses in the B0K0
S channel are consistent with our results using the B+K� chan-

nel but have significantly larger uncertainties.

Using the mass-difference measurements above, the mass differences between the neutral and
charged B and B⇤ mesons are found to be:

MB0 � MB+ = 0.57 ± 0.49 ± 0.10 ± 0.02 MeV,
MB⇤0 � MB⇤+ = 0.91 ± 0.24 ± 0.09 ± 0.02 MeV.

The first mass difference result is consistent with the significantly more precise world-average
value of 0.31 ± 0.06 MeV [12]. There are no previous measurements of MB⇤0 � MB⇤+ , and this
paper presents a new method to measure both of these mass differences.

Lastly, the natural width of the B⇤
s2 meson is determined to be

GB⇤
s2
= 1.52 ± 0.34 ± 0.30 MeV,

consistent with the results of LHCb [5] and CDF [6] (see Table 1).

4.2 B0K0
S invariant mass 7
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Figure 3: Invariant mass distributions of (a) B+K� and (b) B0K0
S candidates with the results of

the fit overlaid. The points represent the data, the thick solid curves are the results of the overall
fits, and the thin solid lines display the signal contributions. The short-dashed lines show the
combinatorial background contributions. The long-dashed lines show: in (a) the contributions
from excited B0 meson decays, and in (b) the contributions from swapping K± ! p± in the
reconstruction of the B0 mesons.

Table 2: The observed signal yields (N), natural widths (G), and mass differences from the fits
to the mBK distributions in data. The uncertainties are statistical only.

B+K� B0K0
S

N(B⇤
s2 ! BK) 5424 ± 269 128 ± 22

N(B⇤
s2 ! B⇤K) 455 ± 119 12 ± 11

N(Bs1 ! B⇤K) 1329 ± 83 34.5 ± 8.3

G(B⇤
s2) [MeV] 1.52 ± 0.34 2.1 ± 1.3

G(Bs1) [MeV] 0.10 ± 0.15 0.4 ± 0.4

M(B⇤
s2)� M

PDG
B � M

PDG
K [MeV] 66.93 ± 0.09 62.42 ± 0.48

M(Bs1)� M
PDG
B⇤ � M

PDG
K [MeV] 10.50 ± 0.09 5.65 ± 0.23

Fig. 3(b). There is a significant peak at about 5840 MeV and a smaller one at 5781 MeV, corre-
sponding to the decays B⇤

s2 ! B0K0
S and Bs1 ! B⇤0K0

S , respectively. The contribution from the
B⇤

s2 ! B⇤0K0
S decay, also shown in Fig. 3(b) at 5795 MeV, is not statistically significant. However,

it is still included in the fit model described below.

The decays B⇤
s2 ! B0K0

S , B⇤
s2 ! B⇤0K0

S , and Bs1 ! B⇤0K0
S are modelled using three D-wave

RBW functions convolved with double-Gaussian resolution functions whose parameters are
fixed according to the simulation. The masses and natural widths are free parameters in the fit.
Similarly to the B+K� final state, if the photon from B⇤0 decay is lost and only the B0K0

S mass
is reconstructed, the peak position is simply shifted by the mass difference M

PDG
B⇤0 � M

PDG
B0 =

45.18± 0.23 MeV [12]. Studies on simulated events show that when the kaon and the pion from
the B0 ! J/yK+p� decay are exchanged, the three decays mentioned above produce narrow
peaks at the same mass values as the signal peaks. In order to account for these KPS contri-
butions, three additional RBW functions, convolved with double-Gaussian shapes, are added,
where the parameters of these Gaussians are fixed to the values obtained in the simulation and
the yields are fixed relative to the signal yields using the mistagging probability found in the
fit to the B0 invariant mass distribution. A function of the form (x � x0)a

Pn(x) is used to de-
scribe the combinatorial background, where x ⌘ mB0K0

S
, x0 is the threshold value, and n = 1.

First meas. →
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The ratio R
0±
2 is in good agreement with the theoretical predictions of about 0.43 [22, 23], while

the ratio R
0±
1 is 2.5 standard deviations away from the theoretical prediction of 0.23 [22], which,

however, has no uncertainty estimate. The third ratio is in agreement with the measurements
of LHCb [5] and CDF [6]: 0.093 ± 0.013 ± 0.012 and 0.10 ± 0.03 ± 0.02, respectively. It is also
consistent with the theoretical predictions [22–25]. The fourth ratio is a new result.

In addition, using Eqs. (5)–(6), the ratios of production cross sections times branching fractions
are measured:

R
±
s =

s(pp ! Bs1X)B(Bs1 ! B⇤+K�)
s(pp ! B⇤

s2X)B(B⇤
s2 ! B+K�)

= 0.233 ± 0.019 ± 0.018,

R
0
s =

s(pp ! Bs1X)B(Bs1 ! B⇤0K0
S )

s(pp ! B⇤
s2X)B(B⇤

s2 ! B0K0
S )

= 0.266 ± 0.079 ± 0.063.

The value of R
±
s was previously determined by LHCb to be 0.232 ± 0.014 ± 0.013 [5] at

p
s =

7 TeV and in a different pseudorapidity region, consistent with the result presented here.

The following mass differences are obtained:

DM
±
B⇤

s2
= M(B⇤

s2)� M
PDG
B+ � M

PDG
K� = 66.87 ± 0.09 ± 0.07 MeV,

DM
0
B⇤

s2
= M(B⇤

s2)� M
PDG
B0 � M

PDG
K0

S
= 62.37 ± 0.48 ± 0.07 MeV,

DM
±
Bs1

= M(Bs1)� M
PDG
B⇤+ � M

PDG
K� = 10.45 ± 0.09 ± 0.06 MeV,

DM
0
Bs1

= M(Bs1)� M
PDG
B⇤0 � M

PDG
K0

S
= 5.61 ± 0.23 ± 0.06 MeV.

The first two mass differences are in good agreement with LHCb [5] and CDF [6] results (see
Table 1). Using these two measurements, the world-average masses of the B+ and K� mesons,
and the mass difference M

PDG
B⇤+ � M

PDG
B+ , the B(⇤)

s1,2 masses are determined:

M(B⇤
s2) = 5839.86 ± 0.09 ± 0.07 ± 0.15 MeV,

M(Bs1) = 5828.78 ± 0.09 ± 0.06 ± 0.28 MeV.

The measured masses in the B0K0
S channel are consistent with our results using the B+K� chan-

nel but have significantly larger uncertainties.

Using the mass-difference measurements above, the mass differences between the neutral and
charged B and B⇤ mesons are found to be:

MB0 � MB+ = 0.57 ± 0.49 ± 0.10 ± 0.02 MeV,
MB⇤0 � MB⇤+ = 0.91 ± 0.24 ± 0.09 ± 0.02 MeV.

The first mass difference result is consistent with the significantly more precise world-average
value of 0.31 ± 0.06 MeV [12]. There are no previous measurements of MB⇤0 � MB⇤+ , and this
paper presents a new method to measure both of these mass differences.

Lastly, the natural width of the B⇤
s2 meson is determined to be

GB⇤
s2
= 1.52 ± 0.34 ± 0.30 MeV,

consistent with the results of LHCb [5] and CDF [6] (see Table 1).
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Excited Bc Mesons
๏ The Bc spectroscopy is even less studied 
๏ The only observed excited state so far was Bc(2S) at the 

mass of 6842 MeV 
★ Seen by ATLAS at 5.2σ; not confirmed by LHCb in 8 TeV data 

๏ Enter CMS: the first LHC paper based on the entire  
13 TeV Run 2 data (2015-2018), 143 fb-1
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uncertainty. The potential mismodelling of the background is estimated by using the
Bukin function [39] as an alternative model and the di↵erences to the nominal results are
taken as systematic uncertainties. The uncertainties on "

B
(⇤)
c (2S)+

are dominated by the

uncertainty due to the finite size of the simulated samples, but also include the systematic
uncertainties on the PID and track reconstruction e�ciency calibration, which come from
the limited size and the binning scheme of the calibration samples. The variations of
e�ciency with respect to M(Bc(2S)+) and M(B⇤

c (2S)
+) are fitted with linear functions,

and the uncertainties of such fits are taken as systematic uncertainties.
No evidence of the B(⇤)

c (2S)+ signal is observed. The measurement is consistent with
the background-only hypothesis for all mass assumptions. The upper limits at 90% and
95% confidence levels (CL) on the ratio R, as functions of the B(⇤)

c (2S)+ mass states,
are shown in Fig. 4. All the upper limits at 95% CL on the ratio R are contained
between 0.02 and 0.14. Theoretical models predict that the ratio R has no significant
dependence on y and pT of the B+

c mesons [19], allowing comparison with the ATLAS
result [18]. The most probable interpretation of the ATLAS measurement is that it is
either the B⇤

c (2S)
+ state or a sum of Bc(2S)+ and B⇤

c (2S)
+ signals under the �M ⇠ 0

scenario. For both interpretations of the ATLAS measurement, the comparison of the
ratio R between the LHCb upper limits in the vicinity of the peak claimed by ATLAS at
M(B(⇤)

c (2S)+) = 6842 MeV/c2 and the ratios determined by ATLAS are given in Table 3.
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Figure 3: The M(B+
c ⇡

+⇡�) distributions in the same-sign (darkgreen shaded areas) and
data (points with error bars) samples in the range [6600, 7300]MeV/c2 with the background
model (blue solid line) overlaid, for the four MLP categories. The areas between the two vertical
red lines are the signal regions.

7
uncertainty on the mass of the B!

c ground state candidate
and is largely canceled in the mass difference distribution.
The other involves systematic uncertainties in the fit of the
mass difference distribution itself. The uncertainty on the
mass of the B!

c ð2SÞ candidate is dominated by the fitting
procedure and estimated below to be about 3.6 MeV. The
contribution from the uncertainty on the pion momentum
scale to the B!

c mass is 1.2 MeV. The residual uncertainty
from the B!

c candidate mass in the mass difference
distribution, δm B!

c ð2SÞ ¼ δm B!
c
× ðm B!

c
Þ=m B!

c ð2SÞ, where
the δm B!

c
is the world average uncertainty on the B!

c mass
[11], is about 1.7 MeV. The systematic uncertainty on the
mass difference introduced by the fitting procedure is
estimated by (i) varying the background model. An
exponential threshold function (fðQ Þ∽Qae−bQ , where a
and b are free parameters) and second- and fourth-order
polynomials were considered as alternatives, resulting in a
3.4 MeV systematic uncertainty; (ii) varying the fit mass

range from 0–700 to 0–1500 MeV, results in a 1.2 MeV
contribution to the systematic uncertainty; (iii) using differ-
ent models for the signal. A single Breit-Wigner function, a
Breit-Wigner function convolved with a Gaussian function,
and a double Gaussian function were considered. This
results in a negligible systematic uncertainty, compared to
the above two.
In each case the largest difference between any of the

variations mentioned and the default fit model is used as
the systematic uncertainty. The values are calculated as the
weighted mean of the 7 and 8 TeV mass values.
An additional systematic uncertainty of 2 MeV is

obtained from the study of the mass bias in the selection
of the candidate with the best χ2 of the vertex fit.
The various sources of systematic uncertainty are treated

as uncorrelated. The total averaged systematic uncertainty
propagated to the mass value of the new structure is
approximately 4.1 MeV.
The significance of the new structure is evaluated with

pseudoexperiments. A large number of background-only
mass difference distributions are generated. Parameters of
the generation are taken from the fit with their uncertainties
to account for systematic effects. The background shape is
scaled to the observed number of events. The mean mass
value of the signal contribution is left free to vary within the
theoretically motivated range (6835–6917 MeV) to evalu-
ate the “look-elsewhere effect” [19]. The significance is
calculated as the fraction of the pseudoexperiments in
which the difference of the logarithms of fit likelihoods
Δ lnL with and without signal is larger than in the data. In
terms of standard deviations the significance of the obser-
vation is 3.7σ in the 7 TeV data and 4.5σ in the 8 TeV data.
For the combined 7 and 8 TeV data set the total significance
of the observation is found to be 5.2σ. The local signifi-
cance of the observation, obtained by fixing the mean value
of the signal component, is 5.4σ.
In conclusion, the distribution of the mass difference

Q ¼ m ðB!
c πþ π−Þ − m ðB!

c Þ − 2m ðπ!Þ for events with the
B!
c meson reconstructed in its decay to J=ψπ! has been

investigated in pp collisions at the LHC using the ATLAS
detector. The analysis is based on an integrated luminosity
of 4.9 ð19.2Þ fb−1 of pp collisions at a center-of-mass
energy of 7 (8) TeV. A new state is observed at Q ¼
288.3! 3.5! 4.1 MeV (calculated as the error weighted
mean of the 7 and 8 TeV mass values) corresponding to a
mass of 6842! 4! 5 MeV, where the first error is
statistical and the second is systematic. The significance
of the observation is 5.2σ with the look elsewhere effect
taken into account, and the local significance is 5.4σ.
Within the uncertainties, the mass of the resonance corre-
sponding to the observed structure is consistent with the
predicted mass of the B!

c ð2SÞ state.

We thank CERN for the very successful operation of the
LHC, as well as the support staff from our institutions,
without whom ATLAS could not be operated efficiently.
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FIG. 2 (color online). The Q ¼ m ðB!
c ππÞ − m ðB!

c Þ − 2m ðπ!Þ
distribution for the right-charge combinations (points with error
bars) and for the same (wrong) pion charge combinations (shaded
histogram) in 7 TeV data (top) and in 8 TeV data (bottom). The
wrong-charge combinations are normalized to the same yield as
the right-charge background. The solid line is the projection of
the results of the unbinned maximum likelihood fit to all
candidates in the range 0–700 MeV. The dashed line is the
projection of the background component of the same fit.
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Bc(2S) Spectrum and Transitions
๏ Focus on the s-wave excitations: Bc(2S) and B*c(2S) 

★ Expect smaller mass splitting than for Bc and B*c 

★Main decay modes: Bc(2S) → Bcπ+π- ,  
B*c(2S) → B*cπ+π- → Bc𝛄π+π-,  
with a lost soft photon 

★ Can observe both states via the 
same experimental signature: Bcπ+π-
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FIG. 1: The Bc mass spectrum.

TABLE III: E1 transition rates (continued).

Initial Final Mi Mf ω i → f ⟨f |r|i⟩ Cfi Width

state state (MeV) (MeV) (MeV) (GeV−1) (keV)

13F4 13D3 γ 7271 7045 222 13F4 → 13D3 3.156 3

7
81

1F ′

3 13D3 γ 7266 7045 218 13F3 → 13D3 3.159 1

21
3.7

1D′

2 γ 7036 226 11F3 → 11D2 3.104 3

7
78

1D2 γ 7041 222 13F3 → 13D2 3.091 8

21
0.5

1F3 13D3 γ 7276 7045 227 13F3 → 13D3 3.159 1

21
5.4

1D′

2 γ 7036 236 11F3 → 11D2 3.104 3

7
0.04

1D2 γ 7041 231 13F3 → 13D2 3.091 8

21
82

13F2 13D3 γ 7269 7045 221 13F2 → 13D3 3.160 1

525
0.4

1D′

2 γ 7041 224 13F2 → 13D2 3.095 1

15
6.3

1D2 γ 7036 229 13F2 → 13D2 3.095 1

15
6.5

13D1 γ 7028 237 13F2 → 13D1 3.026 9

25
75

where

µ =
ec
mc

−
eb̄
mb̄

, (16)

ec and eb̄ are the c-quark and b-antiquark charges in units
of |e| (ec = 2/3 and eb̄ = 1/3), and mc and mb are the
quark masses given above.
The M1 widths and overlap integrals are given in Ta-

ble V. They are compared to other calculations in Table
VI. Transitions in which the principle quantum number
changes are refered to as hindered transitions which are
not allowed in the non-relativistic limit due to the orthog-

onality of the wavefunctions. M1 transitions, especially
hindered transitions, are notorious for their sensitivity to
relativistic corrections [51]. In our calculations the wave-
function orthogonality is broken by including a smeared
hyperfine interaction directly in the Hamiltonian so that
the 3S1 and 1S0 states have slightly different wavefunc-
tions. Ebert et al. are more rigorous in how they include
relativistic corrections [12] but to improve the J/ψ → ηcγ
result they modify the confining potential by making it a
linear combination of Lorentz vector and Lorentz scalar
pieces.

Godfrey, PRD 70 (2004) 054017

https://arxiv.org/abs/hep-ph/0406228
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Observation of Resolved Bc States
๏ Full Run 2 data set analysis, using the Bc→J/ψ(μμ)π decay 

channel 
★ Relatively high-pT (> 15 GeV) Bc candidates: ~7600 events 
★Well-separated Bc(2S) and B*c(2S) peaks, both  

observed and resolved at >5σ level 
★ ΔMexp = 29.1 ± 1.5 ± 0.7 MeV 
★M(Bc

+(2S)) = 6871.0 ± 1.2 (stat) ± 0.8 (syst) ± 0.8 (Bc
+) MeV 
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Figure 2: The invariant mass distribution of the Bc
+ candidates. The vertical dashed lines in-

dicate the mass window retained for the reconstruction of the Bc
+(2S) and Bc

⇤+(2S) candidates.
The vertical bars on the points represent the statistical uncertainty in the data. The contribu-
tions from various sources are shown by the stacked distributions. The solid line represents the
result of the fit.

the vector joining the PV with the Bc
+ decay vertex. Studies based on simulation show that the80

probability of selecting a wrong vertex is less than 1%. The decay length of the Bc
+, denoted81

by l, is computed as the (three-dimensional) distance between the PV and the J/y p+ vertex82

(assumed to be, respectively, the Bc
+ production and decay vertices). To avoid biases in the83

determination of l, the PV is refitted without the tracks associated with the muons and the84

pion.85

Similarly to what has been previously done in Refs. [27, 28], the Bc
+ candidates are required to86

have pT > 15 GeV, rapidity |y| < 2.4, l > 100 µm, and a kinematic fit c2 probability larger than87

10%. If several Bc
+ candidates are found in the same event, only the one with the highest pT is88

kept. The invariant mass distribution of the selected Bc
+! J/y p+ candidates, shown in Fig. 2,89

is fitted to the expected Bc
+ signal peak, modeled as a sum of two Gaussian functions with a90

common mean, superimposed on a background composed of three sources of events: i) the91

combinatorial background resulting from associating the J/y with uncorrelated charged parti-92

cles, parametrized by a first-order Chebyshev polynomial function; ii) partially reconstructed93

Bc
+ decays, Bc

+ ! J/y p+
X, only relevant for mass values below 6.2 GeV, described by a (gen-94

eralized) ARGUS function [29] convolved with a Gaussian resolution function; iii) a small con-95

tribution from Bc
+ ! J/y K+ decays, with a shape determined from simulation studies and a96

normalization fixed relative to the Bc
+ ! J/y p+ yield, using the ratio of their branching frac-97

tions [30] and the ratio of the reconstruction efficiencies. The unbinned maximum-likelihood98

fit gives a Bc
+ signal yield of 7629 ± 225 events, a Bc

+ mass of M(Bc
+) = 6271.1 ± 0.5 MeV, and99

a mass resolution of 33.5 ± 2.5 MeV, where the uncertainties are statistical only. The measured100

mass resolution is consistent with the value expected from the simulation studies. The qual-101

ity of the fit was evaluated by computing the c2 between the binned distribution and the fit102

function, the result being c2 = 35 for 30 degrees of freedom.103

The Bc
+(2S) and Bc

⇤+(2S) candidates are reconstructed by performing a kinematic fit, combin-104

ing a Bc
+ candidate with two opposite-sign tracks and imposing a common vertex. Only Bc

+
105

candidates with invariant mass in the range 6.2–6.355 GeV are selected. This mass window,106

4

indicated in Fig. 2, reflects the measured Bc
+ mass and resolution, with a low-mass edge that,107

while corresponding to a smaller peak coverage than the high-mass edge, suppresses the con-108

tamination from partially reconstructed decays. The lifetimes of the Bc
+(2S) and Bc

⇤+(2S) are109

assumed to be negligible with respect to the measurement resolution, so that the production110

and decay vertices essentially overlap. Therefore, the daughter pions are required to be tracks111

used in the refitted PV (a procedure previously followed in Refs. [31, 32]). One of the pion can-112

didates must have pT > 0.8 GeV and the other pT > 0.6 GeV. The Bc
+ p+p� candidates must113

have |y| < 2.4 and a vertex c2 probability larger than 10%. If several Bc
+ p+p� candidates are114

found in the same event, only the one with the highest pT is kept. Studies with simulated signal115

samples (providing S) and measured sideband events (providing B) have shown, through the116

S/
p

S + B figure of merit, that these are optimal event-selection criteria.117
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Figure 3: The M(Bc
+ p+p�) � M(Bc

+) + mBc
+ distribution. The Bc

+(2S) is assumed to be the
right-most peak. The vertical bars on the points represent the statistical uncertainty in the data.
The contributions from the various sources are shown by the stacked distributions. The solid
line represents the result of the fit.

Figure 3 shows the M(Bc
+ p+p�)� M(Bc

+)+mBc
+ distribution, where M(Bc

+ p+p�) and M(Bc
+)118

are, respectively, the reconstructed invariant masses of the Bc
+ p+p� and Bc

+ candidates, and119

mBc
+ is the world-average Bc

+ mass [25]. This variable is measured with a better resolution than120

M(Bc
+ p+p�) and is, hence, advantageous when searching for peaks in the mass distribution.121

The measured distribution is fitted to a superposition of two Gaussian functions, representing122

the Bc
+(2S) and Bc

⇤+(2S) signal peaks, plus a third-order Chebyshev polynomial, modeling the123

continuum background, with all parameters left free in the fit. The two contributions arising124

from Bc
+ ! J/y K+ decays are also considered; they have shapes identical to the signal peaks,125

neglecting a shift to lower mass values that should be smaller than 1 MeV, and normalizations126

constrained by the ratio of the Bc
+! J/y K+ and Bc

+! J/y p+ signal yields, as previously men-127

tioned. The unbinned extended maximum-likelihood fit gives 67 ± 10 and 51 ± 10 events for128

the lower-mass and higher-mass peak, respectively. Since these yields are not corrected for129

detection efficiencies and acceptances, they cannot be used to infer ratios of production cross130

sections. The two signals are well resolved, their mass difference being DM = 29.1 ± 1.5 MeV,131

where the uncertainty is statistical only. The widths of the peaks are consistent with the value132

expected from simulation studies, which is approximately 6 MeV. The c2 between the binned133

distribution and the fit function is 42 for 39 degrees of freedom.134

Event selection criteria

● Bc meson momentum required to point to the PV in the xy plane
● The PV is re-fitted excluding the three Bc decay tracks (two muons and one pion (π1))
● π2  and π3  are tracks in that PV, e.g. they are prompt tracks, which are combined with Bc
● tracks and muons  satisfy high-quality requirements
● When multiple Bc π π candidates are found in the same event, we only keep the one with the 

highest pT value

25
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CMS, arXiv:1902.00571, to appear in PRL  (also Editor's Suggestion)
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A Bc(2S) Candidate
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π3
-

Event selection 
kinematic requirements

pT(π1) > 3.5 GeV
Bc  prob(vtx) > 0.1
pT(Bc) > 15  GeV
Bc decay length > 0.01 cm
6.2 < M(Bc) < 6.35 GeV
Bc π π  prob(vtx) > 0.1
pT(π2) > 0.8,  pT(π3) > 0.6 GeV 
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Hot off the Press
๏ Now LHCb has also confirmed the two peaks!
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http://lhcb-public.web.cern.ch/lhcb-public/

More in Tomasz Skwarnicki's talk

8.5 fb-1 B*c(2S): >5σ 
51 ± 10

Bc(2S): ~3σ 
24 ± 9

ΔMexp ~ 31 MeV

https://arxiv.org/abs/1902.00571
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Conclusions
๏ Heavy-flavor spectroscopy continues to be very 

rich, both experimentally and theoretically 
๏ Large LHC data sets collected in Run 2 by ATLAS 

and CMS allowed for the observation of new 
states and for precision studies of the properties 
of the already established decays 

๏ Some of these studies may have direct impact on 
the possible claim of flavor anomalies seen in the  
b → sℓ+ℓ- transitions 

๏ Just started tapping into the full Run 2 potential - 
stay tuned for many more new results based on 
this unprecedented data set!
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