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‣ B properties:   
focus on Bs lifetime.  
For other recent results on b hadron 
properties (baryons) see Sheldon 
Stone’s talk on Monday.   

‣ Bc decays: two recent searches 

‣ Using data from LCHb. Ideal for 
- lifetime measurement (large boost, 

precise FD and p measurements)  
- Bc searches (large b production,  

all b hadron species) 

σIPx~20μm  
σp/p~0.5-0.8% 

PID εK = 95%, εμ = 98%,  
misidπ→K = 5%  

misidK→μ = 0.6%,  
misidπ→μ = 0.3%



was suggested in order to explain experiment, see also [20] and [21]. The dominant
contribution to the ⇤

b

lifetime is given by the b ! cūd and b ! cc̄s transitions. To
a large extent the ⇤

b

-lifetime problem has now been solved experimentally, see the
detailed discussion in [12], mostly by new measurements from LHCb [22–24]. However,
there is still a large theory uncertainty remaining due to unknown non-perturbative
matrix elements that could be calculated with current lattice-QCD techniques.

• For quite some time the values of the inclusive semi-leptonic branching ratio of B-
mesons as well as the average number of charm quarks per b-decay (missing charm
puzzle) disagreed between experiment and theory, see e.g. [25–28]. Modifications of the
decay b ! cc̄s were considered as a potential candidate for solving this problem. This
issue has been improved considerably by new data and and new calculations [29]. Again,
there still a considerable uncertainty remains due to unknown NNLO-QCD corrections.
First estimates suggest that such corrections could be large [30].

• Because of a cancellation of weak annihilation contributions it is theoretically expected
(based on the HQE) that the B

0

s

-lifetime is more or less equal to the B

0

d

-lifetime, see
e.g. [12]. For quite some time experiment found deviations of ⌧(B0

s

)/⌧(B0

d

) from one -
we have plotted the experimental averages from HFAG [31] from 2003 onwards in Fig.
1. Currently there is still a small di↵erence between data and the HQE prediction,
which will be discussed further Section 2.3. Here again a modification of the b ! cūd

and/or the b ! cc̄s transitions might solve the problem.
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Figure 1: Historical values of the lifetime ratio ⌧(B0

s

)/⌧(B0

d

) as reported by HFAG [31] since
2003. The solid line shows the central value and the shaded line indicates the 1� region,
the dotted line corresponds to the theory prediction, which is essentially one, with a tiny
uncertainty.

• The large observed value of the dimuon asymmetry [32–35] could not only have hinted
towards new physics but also to large values of �s

12

, which is dominated by b ! cc̄s.

3

LIFETIMES �3

  
• Supporting measurements to sharpen our 

theoretical tools and to build confidence on 
experimental methods 

• Test the heavy-quark expansion model:  
the best predictive tool for inclusive 
quantities in the dynamics of heavy mesons.  

• τ(Bs0)/τ(B0) has key discriminating power 
as corrections nearly vanish. 

• Data value 0.990 ± 0.004 agree well with 
the 0.9994 ± 0.0025 prediction [JHEP 12 
(2017) 068]. Want to improve data precision. 
     

This can be compared to the experimental result provided by D0 [35]

A

CP

= (�2.35± 0.84) · 10�3

. (2.42)

We find that there is an agreement of experiment and theory if � lies in the following region
(90 % confidence level)

� 1.87  �  �0.37 . (2.43)

This is clearly out of the range found in Eq. (2.24) from the direct constraints of mixing
observables. On the other hand we find with the allowed �-regions given in Eq. (2.24), that
A

CP

can be at most enhanced to

� 4.25 · 10�4  A

CP

 �1.34 · 10�4

, (2.44)

which is considerably smaller thant the experimental result. This excludes the possibility of
explaining the current value for A

CP

as an e↵ect of duality violation at the 2� level.

2.3 Duality bounds from lifetime ratios

Very similar diagrams to the ones in �q

12

arise in the lifetime ratio ⌧(B0

s

)/⌧(B0

d

), see Fig.
4. The obvious di↵erence between the two diagrams is the trivial exchange of b- and q-lines
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Figure 4: Diagrams contributing to the �q

12

(l.h.s.) and diagrams contributing to the lifetime
of a B

0

q

-meson (r.h.s.).

at the right end of the diagrams. A more subtle and more important di↵erence lies in the
possible intermediate states, when cutting the diagrams in the middle. In the case of lifetimes
all possible intermediate states that can originate from a xȳ quark pair, can arise. In the
case of mixing, we have only the subset of all intermediate states into which both B

0

q

and
B̄

0

q

can decay. Independent of this observation, our initial argument that the phase space
for intermediate cc̄-states is smaller than the one for intermediate uc̄-states, which is again
smaller that the uū-case, still holds. Hence we assume that the xȳ-loop for the lifetime
ratio, has the same duality violating factor �xy as the xȳ-loop for �q

12

. It turns out that the
largest weak annihilation contribution to the B

0

s

-lifetime is given by a cc-loop, while for the
B

0

d

-lifetime a uc-loop is dominating. This observation tells us that duality will not not drop
out in the lifetime ratio, because the dominating contributions for B

0

s

and B

0

d

are a↵ected
di↵erently. Using our above model and modifying the cc-loop with a factor 1 + 4� and the
uc-loop with a factor 1 + �, we get with the expressions in [12, 20, 21, 67]

⌧(B0

s

)

⌧(B0

d

)
= 1.00050± 0.00108� 0.0225 � . (2.45)

12

expansion of the decay rates of b-hadrons in inverse powers of the heavy quark mass.
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with ⇤ being of the order of the hadronic scale. One finds that there are no corrections of order
1/m

b

and that some corrections from the order 1/m3

b

onwards are enhanced by an additional
phase space factor of 16⇡2. The HQE assumes quark hadron duality, i.e. that the hadron
decays can be described at the quark level. A violation of duality could correspond to non-
perturbative terms like exp[�m

b

/⇤], which give vanishing contributions, when being Taylor
expanded around ⇤/m

b

= 0 (see e.g. [13] and also [14] for a detailed discussion of duality, its
violations and some possible models for duality violations). To estimate the possible size of
these non-perturbative terms we note first that the actual expansion parameter of the HQE

is the hadronic scale ⇤ normalised to the momentum release
q
M

2

i

�M

2

f

. For the decay of

a free b-quark we get - depending on the final quark states - the following possible values of
the expansion parameter and the non-perturbative term (varying ⇤ within 0.2 and 2 GeV,
m

b

within 4.18 and 4.78 GeV and m

c

within 0.975 and 1.67 GeV):

Channel Expansion parameter x Numerical value exp[�1/x]

b ! cc̄s

⇤p
m

2
b�4m

2
c

⇡ ⇤

mb

⇣
1 + 2m

2
c

m

2
b

⌘
0.054� 0.58 9.4 · 10�9 � 0.18

b ! cūs

⇤p
m

2
b�m

2
c

⇡ ⇤

mb

⇣
1 + 1

2

m

2
c

m

2
b

⌘
0.045� 0.49 1.9 · 10�10 � 0.13

b ! uūs

⇤p
m

2
b�4m

2
u

= ⇤

mb
0.042� 0.48 4.2 · 10�11 � 0.12

(2.2)

From this simple numerical exercise one finds that duality violating terms could easily be of
a similar size as the expansion parameter of the HQE. Moreover decay channels like b ! cc̄s

might be more strongly a↵ected by duality violations compared to e.g. b ! uūs. This agrees
with the naive expectation that decays with a smaller final state phase space might be more
sensitive to duality violation.
Obviously duality cannot be proved directly, because this would require a complete solution of
QCD and a subsequent comparison with the HQE expectations, which is clearly not possible.
To make statements about duality violation in principle two strategies can be performed:

a) Study simplified models for QCD, e.g. the t’Hooft model (a two-dimension model for
QCD, see e.g. [13–18]) and develop models for duality violations, like instanton-based
and resonance-based models (see e.g. [13, 14]).

b) Use a pure phenomenological approach, by comparing experiment with HQE predic-
tions.

In this work we will follow strategy b) and use a simple parameterisation for duality violation
in mixing observables and lifetime ratios, which will be most pronounced for the b ! cc̄s

channel. At this stage it is interesting to note that for many years there have been problems
related to application of the HQE for inclusive b-hadron decays and most of them seemed to
be related to the b ! cc̄s channel:

• The experimental ⇤
b

lifetime was considerably lower than the theory prediction, see
e.g. the discussion in [19], where also a simple model for a modification of the HQE

2

theory

experiments

[arXiv:1603.07770]



SEMILEPTONIC �4

• Semileptonic (SL) decays                                        provide huge sample. 

• Reminder: with nonzero width-difference “Bs lifetime” is not uniquely defined.  
SL decays give access to the flavour-specific lifetime. 

• Challenging. 

- Biased decay-time determination from the observed decay length.  

- Broad B mass, spoiling separation from background and between the various 
signals within the inclusive final state. 

B0
s ! D�

s µ
+X⌫µ

3

τ(B0s)/τ(B0) has key discriminating power as 
corrections nearly vanish.  

Data value 0.99 ± 0.004 is 2.5σ off the           
1.001 ± 0.002 prediction.  

==> Improve the B0s lifetime.   

Look where most of the statistical power is: 
semileptonic decays 

Not just stamp collecting
Lifetimes test the heavy-quark expansion model: the best predictive 
tool for inclusive quantities in the dynamics of heavy mesons. 

Reminder: with nonzero width-difference “B0s lifetime” is not 
uniquely defined. Here focus on flavor-specific lifetime



NOVEL METHOD
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Bs0 or B0

Ds
— or D—

μ
K

K
π

ν

• τsfs from change in Bs0 yield vs decay time,  
relative to the yield of B0 decays  
reconstructed in the same final state. 

• Name of the game: minimize Bs0-to-B0 
differences of the selection efficiency  
vs the decay-time. 

• Extract Δ=1/τsfs — 1/τB0.  
Precise value of τB0 as input. 

B0
s ! D�

s µ
+X⌫µ(  ) (  )
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Figure 1: Distributions of Dµ mass for (top panel) reference candidates, formed by combining
D� ! K+K�⇡� candidates with µ+ candidates, and (bottom panel) signal candidates formed
by D�

s

! K+K�⇡� candidates combined with µ+ candidates. The inset shows the K+K�⇡�-
mass distribution with vertical lines enclosing the D� (D�

s

) candidates used to form the reference
(signal) candidates. The dark-filled histograms show same-sign candidate distributions.

validation of the approach, since the composition of this sample is known precisely from
other experiments. The largest discrepancy observed among the individual fractional
contributions is 1.3 statistical standard deviations.

The composition fit is su�cient for the determination of �
�

(D), where no k-factor
corrections are needed since the final state is fully reconstructed. We determine �

�

(D)
through a least-squares fit of the ratio of signal B0

s

and reference B0 yields as a function
of the charm-meson decay time in the range 0.1–4.0 ps. The yields of signal B0

s

!
[K+K�⇡�]

D

(⇤)�
s

µ+⌫
µ

and reference B0 ! [K+K�⇡�]
D

(⇤)�µ+⌫
µ

decays are determined in
each of 20 decay-time bins with a m

corr

fit similar to the global composition-fit. The
two signal and the two physics-background contributions are each merged into a single
component according to the total proportions determined by the global fit and their
decay-time dependence as determined from simulation. The fit includes the decay-time
resolution and the ratio between signal and reference decay-time acceptances, which is
determined from simulation to be uniform within 1%. The fit is shown in the top panel of
Fig. 3; it has 34% p-value and determines �

�

(D) = 1.0131± 0.0117 ps�1.
The measurement of �

�

(B) requires an acceptance correction for the di↵erences
between signal and reference decays and the k-factor correction. The acceptance correction
accounts for the di↵erence in decay-time-dependent e�ciency due to the combined e↵ect
of the di↵erence between D� and D�

s

lifetimes and the online requirements on the spatial
separation betweenD�

(s)

and B0

(s)

decay vertices: we apply to the B0

s

sample a per-candidate

4



SAMPLE COMPOSITION �7
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composition known from B-factories Bs0 sample

[PRL 119 (2017) 101801] [PRL 119 (2017) 101801]



CORRECTING 
THE DATA

�8

1. Unreconstructed ν momentum biases 
the  decay-time determination. 
Correct observed momentum for 
average missing momentum as 
determined in simulation:  
k = p(Dμ)/p(B) [fermilab-thesis-2006-18] 

2. Want uniform signal-to-reference  
efficiency ratio as a function of decay 
time. Known 2x difference between  
Ds— and D— lifetime introduces about 
20% non uniformities. Equalise the D 
decay time distributions. 

20%

[PRL 119 (2017) 101801]

http://lss.fnal.gov/archive/thesis/2000/fermilab-%20thesis-2006-18.pdf


RESULT �9

• Agree with and improve previous 
determinations. 

• Precision limited by the size of the 
reference sample. Ample chances 
for improvement with new data.  

• Systematic dominated by the 
modelling in simulation of the 
signal.  

• Method potential extends well 
beyond lifetimes. Method is  
suitable for other experiments too.  
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15% better than world’s best.  
Halved the systematic of  
previous-best SL result. 

[PRL 119 (2017) 101801]

⌧ fss = 1.547± 0.013± 0.010± 0.004(⌧B0) ps

4 5 6 7 8
1

10

210

310

410

510 0B

4 5 6 7 8
1

10

210

310

410

510

610

LHCb

Data
Same-sign candidates

0
sB

]2c [GeV/µDm

2
 c

Ca
nd

id
at

es
 p

er
 4

0 
M

eV
/

]2c mass [GeV/ −π −K +K
1.85 1.9 1.95 2

2 c
Ca

nd
id

at
es

 p
er

 2
 M

eV
/

310

410

Figure 1: Distributions of Dµ mass for (top panel) reference candidates, formed by combining
D� ! K+K�⇡� candidates with µ+ candidates, and (bottom panel) signal candidates formed
by D�

s

! K+K�⇡� candidates combined with µ+ candidates. The inset shows the K+K�⇡�-
mass distribution with vertical lines enclosing the D� (D�

s

) candidates used to form the reference
(signal) candidates. The dark-filled histograms show same-sign candidate distributions.

validation of the approach, since the composition of this sample is known precisely from
other experiments. The largest discrepancy observed among the individual fractional
contributions is 1.3 statistical standard deviations.

The composition fit is su�cient for the determination of �
�

(D), where no k-factor
corrections are needed since the final state is fully reconstructed. We determine �

�

(D)
through a least-squares fit of the ratio of signal B0

s

and reference B0 yields as a function
of the charm-meson decay time in the range 0.1–4.0 ps. The yields of signal B0

s

!
[K+K�⇡�]

D

(⇤)�
s

µ+⌫
µ

and reference B0 ! [K+K�⇡�]
D

(⇤)�µ+⌫
µ

decays are determined in
each of 20 decay-time bins with a m

corr

fit similar to the global composition-fit. The
two signal and the two physics-background contributions are each merged into a single
component according to the total proportions determined by the global fit and their
decay-time dependence as determined from simulation. The fit includes the decay-time
resolution and the ratio between signal and reference decay-time acceptances, which is
determined from simulation to be uniform within 1%. The fit is shown in the top panel of
Fig. 3; it has 34% p-value and determines �

�

(D) = 1.0131± 0.0117 ps�1.
The measurement of �

�

(B) requires an acceptance correction for the di↵erences
between signal and reference decays and the k-factor correction. The acceptance correction
accounts for the di↵erence in decay-time-dependent e�ciency due to the combined e↵ect
of the di↵erence between D� and D�

s

lifetimes and the online requirements on the spatial
separation betweenD�

(s)

and B0

(s)

decay vertices: we apply to the B0

s

sample a per-candidate

4



(SOME) LHCb LIFETIMES �10

Bs0→DμX [PRL 119 (2017) 101801] 
Bs0→Dsπ [PRL 113 (2014) 172001]

Bs0→J/ψf0 [PRL 109 (2012) 152002] 

Bs0→J/ψη [PLB 762C (2016) 484] 
Bs0→DsDs [PRL 112 (2014) 111802]

Bs0→J/ψφ [PRL 114 (2015) 041801] 
Bs0→J/ψΚΚ [JHEP 08 (2017) 037] 
Bs0→ψ(2S)φ [PLB 762 (2016) 253] 
See Greig Cowan’s talk on Monday



BONUS �11

• Fit of composition in D decay time 
bin and then fit the resulting 
signal-to-reference yield ratio.  

• Use precise D— lifetime as input to 
obtain the Ds

—
  lifetime. 

• Include a 4% relative acceptance 
correction and 110 fs decay-time 
resolution 

• Agreement with world’s average.
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⌧Ds = 0.5064± 0.0030± 0.0017± 0.0017(⌧D) ps

Improved by factor of 2  
the precision of the world’s best result

[PRL 119 (2017) 101801]
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ON THE Bc SECTOR �12

• Bc first observation by CDF in ’98 [PRL 81, 2432].  
Least studied of all B mesons.  
Only 16 decay modes established so far.  

• Small production, about O(0.1%) of all b hadrons.  
Yet, several results from LHCb: 

✓ Mass, PRL 109, 232001 (2012). 

✓ Lifetime, PLB 742 (2015) 29-37; EPJ C74 (2014) 2839.  

✓ New decays: PRD 95, 032005 (2017); PRL 118, 111803 (2017); PRD 94, 091102 
(2016); PLB 759, 313 (2016); PRL 113, 152003 (2014); JHEP 1405 (2014) 148;  
JHEP 1311 (2013) 094; PRL 111, 181801 (2013); JHEP09(2013)075;  
PRD 87, 11 (2013) 112012; PRD 87, 071103 (2013); PRL 108, 251802 (2012). 

• Will focus on two recent searches of Bc and Bc(2S) decays. 
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Figure 1: Distributions of Dµ mass for (top panel) reference candidates, formed by combining
D� ! K+K�⇡� candidates with µ+ candidates, and (bottom panel) signal candidates formed
by D�

s

! K+K�⇡� candidates combined with µ+ candidates. The inset shows the K+K�⇡�-
mass distribution with vertical lines enclosing the D� (D�

s

) candidates used to form the reference
(signal) candidates. The dark-filled histograms show same-sign candidate distributions.

validation of the approach, since the composition of this sample is known precisely from
other experiments. The largest discrepancy observed among the individual fractional
contributions is 1.3 statistical standard deviations.

The composition fit is su�cient for the determination of �
�

(D), where no k-factor
corrections are needed since the final state is fully reconstructed. We determine �

�

(D)
through a least-squares fit of the ratio of signal B0

s

and reference B0 yields as a function
of the charm-meson decay time in the range 0.1–4.0 ps. The yields of signal B0

s

!
[K+K�⇡�]

D

(⇤)�
s

µ+⌫
µ

and reference B0 ! [K+K�⇡�]
D

(⇤)�µ+⌫
µ

decays are determined in
each of 20 decay-time bins with a m

corr

fit similar to the global composition-fit. The
two signal and the two physics-background contributions are each merged into a single
component according to the total proportions determined by the global fit and their
decay-time dependence as determined from simulation. The fit includes the decay-time
resolution and the ratio between signal and reference decay-time acceptances, which is
determined from simulation to be uniform within 1%. The fit is shown in the top panel of
Fig. 3; it has 34% p-value and determines �

�

(D) = 1.0131± 0.0117 ps�1.
The measurement of �

�

(B) requires an acceptance correction for the di↵erences
between signal and reference decays and the k-factor correction. The acceptance correction
accounts for the di↵erence in decay-time-dependent e�ciency due to the combined e↵ect
of the di↵erence between D� and D�

s

lifetimes and the online requirements on the spatial
separation betweenD�

(s)

and B0

(s)

decay vertices: we apply to the B0

s

sample a per-candidate
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DECAYS INTO DD MESONS
�13

• CP violation not observed yet in Bc
+ decays. 

Bc
+→ D(∗)+D(∗) decays, where D is D0(s)  or D0, 

proposed to measure γ [PRD 62, 057503;  
PRD 65, 034016]. 

• Ratio of interfering suppressed and favoured 
amplitudes expected to be about 1. Enhanced 
CP asymmetries w.r.t. B+→ DK decays. 

• Attempt a first observation. Expectation of 
BRs are around 10-6 for most modes. 

Search for B+
c

decays to two charm mesons [arXiv:1712.04702]

CP violation has not yet been
observed in B

+
c decays

B

+
c ! D

(⇤)+
(s) D

(⇤) decays, where D is D0

or D0, have been proposed to measure
� [Phys. Rev. D 62, 057503, Phys. Rev. D 65, 034016]

Advantage over traditional B ! DK

since the triangle sides are of
comparable length, interference ⇠ 100%

Disadvantage is small B+
c production

cross section and branching fractions

[Phys. Rev. D 86, 074019, arXiv:hep-ph/0211021, Phys.Lett.B555:189-196,2003, Phys. Rev. D 73, 054024]

Alison Tully (University of Cambridge) CPV in b and c at LHCb Lake Louise 23/2/18 7 / 16
[PRD 86 (2012) 074019; arXiv:hep-ph/0211021;  

PLB 555 (2003),189; PRD 73 (2006), 054024]

  

Decays into two charmed mesons
Motivation

Additional possibilities for the Unitarity Triangle angle γ measurements

[arXiv:1712.04702, submitted to Nucl.Phys.B]

Lower production cross-section than for B+-mesons
Lower branching fractions than for B+ → DK

[Phys. Rev. D86 (2012) 074019], [arXiv:hep-ph/0211021],
[Phys. Lett. B555 (2003) 189], [Phys. Rev. D73 (2006) 054024]

Color-allowed                     Color-supressed

Expected large amplitude ratio and CP-asymmetry

Can use decays with excited
D-mesons in the final state also

Alternative method: study of the angular 
distributions in B

c
+ → D

(s)
*+D*

[Phys. Rev. D65 (2002) 034016]

10/226.02.2018, ATLAS Bc mini-workshop , „LHCb experimental overview of B
c
+“, Daria Savrina

[Phys.Rev. D62 (2000) 057503][PRD 62 (2000) 057503] 

Cabibbo-suppressed, 
colour-allowed

Cabibbo-favoured, 
colour-suppressed
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Figure 2: Fits to the (top row) D+

s

D0, (second row) D+

s

D0, (third row) D+D0 and (bottom
row) D+D0 final states. For the left plots, the D0 meson is reconstructed in the K�⇡+ final
state, while the right column corresponds to the D0! K�⇡+⇡�⇡+ mode.
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DECAYS INTO DD MESONS �14

• Use 3 fb—1 of data collected at 7 and 8 TeV. 

• Reconstruct Ds+ → K+K−π+, D+ → K−π+π+ and D0→ K−π+, K−π+π−π+. 

• Normalise to the B+ modes: 34K DsD0, 0.5K DsD0, 1.9K D+D0, 40 D+D0 
[arXiv:1712.04702] 

D0→ K+π- D0→ K+π-
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• No signal found, extract limits at 90% [95%] CL. 

6 Results and conclusion

To determine the branching fraction ratios, fits to data are performed where the free
parameters are not the individual yields, but correspond to the left-hand-side terms of
Eqs. 1–3. In these fits, the systematic uncertainties are taken into account as Gaussian
constraints.

The measured branching fraction ratios for the fully reconstructed B+

c

decays are listed
below. Quoted in brackets are the corresponding upper limits calculated at 90% (95%)
confidence level with the asymptotic CL

s

method [42],

f
c

f
u

B(B+

c

! D+

s

D0)

B(B+! D+

s

D0)
= ( 3.0± 3.7)⇥ 10�4 [< 0.9 (1.1)⇥ 10�3],

f
c

f
u

B(B+

c

! D+

s

D0)

B(B+! D+

s

D0)
= (�3.8± 2.6)⇥ 10�4 [< 3.7 (4.7)⇥ 10�4],

f
c

f
u

B(B+

c

! D+D0)

B(B+! D+D0)
= ( 8.0± 7.5)⇥ 10�3 [< 1.9 (2.2)⇥ 10�2],

f
c

f
u

B(B+

c

! D+D0)

B(B+! D+D0)
= ( 2.9± 5.3)⇥ 10�3 [< 1.2 (1.4)⇥ 10�2].

For B+

c

decays with one excited charm meson, the results are

f
c

f
u

B(B+

c

! D⇤+
s

D0) + B(B+

c

! D+

s

D⇤0)

B(B+! D+

s

D0)
= (�0.1± 1.5)⇥ 10�3 [< 2.8 (3.4)⇥ 10�3],

f
c

f
u

B(B+

c

! D⇤+
s

D0) + B(B+

c

! D+

s

D⇤0)

B(B+! D+

s

D0)
= (�0.3± 1.9)⇥ 10�3 [< 3.0 (3.6)⇥ 10�3],

f
c

f
u

B(B+

c

! (D⇤+ ! D+⇡0, �)D0) + B(B+

c

! D+D⇤0)

B(B+! D+D0)
= ( 0.2± 3.2)⇥ 10�2 [< 5.5 (6.6)⇥ 10�2],

f
c

f
u

B(B+

c

! (D⇤+ ! D+⇡0, �)D0) + B(B+

c

! D+D⇤0)

B(B+! D+D0)
= (�1.5± 1.7)⇥ 10�2 [< 2.2 (2.8)⇥ 10�2].

For B+

c

decays with two excited charm mesons, the measurements give

f
c

f
u

B(B+

c

! D⇤+
s

D⇤0)

B(B+! D+

s

D0)
= ( 3.2± 4.3)⇥ 10�3 [< 1.1 (1.3)⇥ 10�2],

f
c

f
u

B(B+

c

! D⇤+
s

D⇤0)

B(B+! D+

s

D0)
= ( 7.0± 9.2)⇥ 10�3 [< 2.0 (2.4)⇥ 10�2],

f
c

f
u

B(B+

c

! D⇤+D⇤0)

B(B+! D+D0)
= ( 3.4± 2.3)⇥ 10�1 [< 6.5 (7.3)⇥ 10�1],

f
c

f
u

B(B+

c

! D⇤+D⇤0)

B(B+! D+D0)
= (�4.1± 9.1)⇥ 10�2 [< 1.3 (1.6)⇥ 10�1].

The presented limits are consistent with the theoretical expectations: assuming a value
of f

c

/f
u

= 1.2%, the branching fraction ratio limits give B(B+

c

! D+D0) < 6.0 (7.0)⇥10�4

at 90% (95%) confidence level, well above the values shown in Table 1.
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• Upper limits also for combination of decays into a DsD0* and Ds*D0 final states.  

• Assuming fc/fu about 1%, extract limits on the Bc
+ decays BRs:  

far above the predictions — e.g. BR(Bc
+→ D+D0) < 6.0x10—4 at 90% CL. 

[arXiv:1712.04702] 
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• A rich mass spectrum predicted by 
various QCD potential models and 
Lattice QCD. 

• States below BD threshold can only 
undergo radiative or hadronic 
transitions to the ground state Bc

+ 
which decays weakly. 

• ATLAS observed Bc(2S)+  using ~330 
Bc

+→ J/ψπ+ decays. No discrimination 
between 
o Bc(21S0)+ → Bc

+ π+ π—
 

o Bc(23S1)+ → Bc*+ (→ Bc
+ γ) π+ π—

 

��


[PRD	70	(2004)	054017]
!"#

!" 2% #

�������
 �������� �

Introduction
Ø!"#:	the	only	meson	family	containing	two	different	heavy	flavor	quarks

üA	rich	mass	spectrum	predicted	by	various	QCD	potential	models	and	Lattice	QCD
üStates	below	!& threshold	can	only	undergo	 radiative	or	hadronic	 transitions	to	the	
ground	 state	!"# which	decays	weakly

üOnly	!"# and	!" 2% # observed	so	far

ØATLAS	observed	!" 2% # using	!"#'#'(	
üNo	discrimination	 between	

o!" 2*%+ # → !"#'#'(
o!" 2-%* # → !"∗#(→ !"#0)'#'(

üNo	confirmation	 from	other	experiments	yet

ØImportant	to	perform	the	search	at	LHCb!

[PRL	113	(2014)	12004]

23

+,∗
7 89 → +,∗ -:-:; from ATLAS

Based on a yield of 327
./- → </>?- decays

ATLAS observed a peak in ./-?-?; spectrum 

L.	Zhang 6

ATLAS, PRL 113 (2014) 212004

@AB(CD) = 6842 ± 4 ± 5	MeV O. 8!

+,∗
7 89 → +,∗ -:-:; from ATLAS

Based on a yield of 327
./- → </>?- decays

ATLAS observed a peak in ./-?-?; spectrum 

L.	Zhang 6

ATLAS, PRL 113 (2014) 212004

@AB(CD) = 6842 ± 4 ± 5	MeV O. 8!

[PRL 113 (2014) 12004]
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Figure 1: Invariant mass distribution of the selected B+

c

! J/ ⇡+ candidates. The points with
error bars represent the data. The blue solid line is the fit to data. The red cross-hatched area
shows the signal. The green shaded area represents the B+

c

! J/ K+ background. The violet
dash-dotted line is the combinatorial background.

is chosen to maximise the figure of merit S/
p
S +B, where S and B are the expected

numbers of signal and background in the range M(J/ ⇡+) 2 [6251, 6301]MeV/c2. The
mass of the J/ candidates is constrained to the known value [32] to improve the B

+

c

mass resolution.3 The B

+

c

signal yield is obtained by performing an unbinned extended
maximum likelihood fit to the M(J/ ⇡+) mass distribution, as shown in Fig. 1. The
signal component is modelled by a Gaussian function with asymmetric power-law tails as
determined from simulation. The mean and resolution of the Gaussian function are free
parameters in the fit. The combinatorial background is described with an exponential
function. The contamination from the Cabibbo-suppressed channel B+

c

! J/ K

+, with
the kaon misidentified as a pion, is described by a Gaussian function with asymmetric
power-law tails. The parameters are also fixed from simulation, with only the Gaussian
mean related to the B

+

c

! J/ ⇡

+ signal as a free parameter to account for the possible
small mass di↵erence in data and simulation. The signal yield of B+

c

decays is determined
to be 3325± 73.

To reconstruct the B

(⇤)
c

(2S)+ states, the B

+

c

candidates with M(J/ ⇡+) 2
[6200, 6340]MeV/c2 are combined with two opposite-charge tracks. The tracks are required
to have p

T

> 0.25GeV/c, momenta larger than 2GeV/c and good track-fit quality, and

to be identified as pions. The B

(⇤)
c

(2S)+ candidates are required to have good B

+

c

⇡

+

⇡

�

vertex-fit quality. To improve the B

(⇤)
c

(2S)+ mass resolution, the mass of B+

c

candidates

is constrained to the known B

+

c

mass [34], and the reconstructed B

(⇤)
c

(2S)+ mesons
are constrained to originate from the associated PV. To optimise the sensitivity of the
analysis, a selection based on a multilayer perceptron (MLP) [35] classifier is applied.
To distinguish the signal candidates from combinatorial background, the MLP classi-
fier uses information on the angles between the B

+

c

and ⇡

+, B+

c

and ⇡

�, and ⇡

+ and

3The J/ mass is taken to be 3096.916MeV/c2 according to the 2014 edition of the Review of Particle
Physics [32], rather than 3096.900MeV/c2 in the 2016 edition [33]. The e↵ect of this choice on the final
result is negligible.

3

• Use 2 fb—1 collected at 8 TeV. 
Reconstruct about 3300 Bc

+→ J/ψπ+ 
decays, selected with a BDT 
exploiting vertex displacement and 
kinematics of daughter particles. 

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(B

c

(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 p

T

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 B
c

(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

• Attach π+ π— pairs to form the excited state 
candidates. Categorise them with a MLP 
exploring angles between Bc and Bc(2S) 
candidates. No signal found.

[JHEP 01 (2018) 138]
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• Put limits on

and compared with the ATLAS measurement. 

• 𝜀7,8 is the efficiency to reconstruct Bc(2S)+ w.r.t. the Bc
+ signals.  

It’s ≤1, but much larger than that of LHCb. 

• LHCb upper limits at 95% CL in the vicinity of the ATLAS peak at ~6842 MeV/𝑐. 

• The LHCb and ATLAS measurements are compatible in case of large values of 𝜀7,8.

[JHEP 01 (2018) 138]

[PRL 113 (2014) 12004]

Table 2: Summary of the systematic uncertainties entering the upper limit calculation for the
four MLP categories.

MLP category (0.02, 0.2) [0.2, 0.4) [0.4, 0.6) [0.6, 1.0]

N

B

+
c

1.0%
"

B

+
c

0.5%
N

B

4.2% 9.0% 15.0% 6.9%

B

c

(2S)+! B

+

c

⇡

+

⇡

�

"

Bc(2S)
+ 4.6% 4.7% 4.9% 3.6%

E�ciency variation vs. M(B
c

(2S)+) 0.6% 1.3% 1.8% 2.7%

B

⇤
c

(2S)+! B

⇤+
c

⇡

+

⇡

�

"

B

⇤
c (2S)

+ 3.5% 3.3% 3.3% 2.7%
E�ciency variation vs. M(B⇤

c

(2S)+) 1.0% 1.8% 2.5% 4.3%

Table 3: Comparison of the R value between the LHCb upper limits at 95% CL and the ATLAS

measurement [18], where 0 < "
7,8

 1 are the relative e�ciencies of reconstructing the B(⇤)
c

(2S)+

candidates with respect to the B+

c

signals for the 7 and 8TeV data, respectively.

p
s = 7TeV

p
s = 8TeV

ATLAS (0.22± 0.08 (stat))/"
7

(0.15± 0.06 (stat))/"
8

LHCb – < [0.04, 0.09]

The LHCb and ATLAS results are compatible only in case of very large (unpublished)

relative e�ciency of reconstructing the B

(⇤)
c

(2S)+ candidates with respect to the B

+

c

signals for the ATLAS measurement.

5 Summary

In summary, a search for the B

c

(2S)+ and B

⇤
c

(2S)+ states is performed at LHCb with a
data sample of pp collisions, corresponding to an integrated luminosity of 2 fb�1, recorded
at a centre-of-mass energy of 8 TeV. No significant signal is found. Upper limits on
the B

c

(2S)+ and B

⇤
c

(2S)+ production cross-sections times the branching fraction of

B

(⇤)
c

(2S)+ ! B

(⇤)+
c

⇡

+

⇡

� relative to the B

+

c

cross-section, are given as a function of the
B

c

(2S)+ and B

⇤
c

(2S)+ masses.
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⇡

� candidate momenta projected in the plane transverse to the beam axis; the angles
between the B

(⇤)
c

(2S)+ momentum and the B

+

c

, ⇡+, and ⇡� momenta in the B

(⇤)
c

(2S)+

centre-of-mass frame; the minimum cosine value of the angles between the momentum
of the B

+

c

meson or of one of the pions from B

(⇤)
c

(2S)+ and the momentum of the

muons or pion from the B

+

c

meson; and the vertex-fit �2 of the B

(⇤)
c

(2S)+ meson. In
simulation, these variables have similar distributions for the B

c

(2S)+ ! B

+

c

⇡

+

⇡

� and
B

⇤
c

(2S)+ ! B

⇤+
c

(! B

+

c

�)⇡+

⇡

� decays. Therefore, the combination of the simulated
candidates for the decays B

c

(2S)+ ! B

+

c

⇡

+

⇡

� and B

⇤
c

(2S)+ ! B

⇤+
c

(! B

+

c

�)⇡+

⇡

� is
used as signal for the MLP training, and the background sample consists of the can-
didates in the lower and upper sidebands of the M(B+

c

⇡

+

⇡

�) mass spectrum in data,
with M(B+

c

⇡

+

⇡

�) 2 [6555, 6785]MeV/c2 and [6900, 7500]MeV/c2, respectively. The MLP
response is transformed to make the signal candidates distributed evenly between zero
and unity, and the background candidates cluster near zero. Only the candidates with
transformed output values smaller than 0.02 are rejected, retaining 98% of the signal. The
remaining candidates are divided into four categories with the MLP response falling in
(0.02, 0.2), [0.2, 0.4), [0.4, 0.6) and [0.6, 1.0], respectively. The M(B+

c

⇡

+

⇡

�) distributions
in the expected signal region for the four MLP categories are shown in Fig. 2. The mass res-
olutions on M(B+

c

⇡

+

⇡

�) for the B(⇤)
c

(2S)+ state, �
w

(B(⇤)
c

(2S)+), can be determined from
the simulated samples of the B

c

(2S)+ ! B

+

c

⇡

+

⇡

� and B

⇤
c

(2S)+ ! B

⇤+
c

(! B

+

c

�)⇡+

⇡

�

decays. The di↵erences between the mass resolutions in data and simulation are evaluated
with the control decay mode B

+

c

! J/ ⇡

+

⇡

�
⇡

+, which has the same final state as the
signal and a large yield, and are corrected by applying a scale factor. The obtained mass
resolutions are �

w

(B
c

(2S)+) = 2.05± 0.05MeV/c2 and �
w

(B⇤
c

(2S)+) = 3.17± 0.03MeV/c2.
The M(B+

c

⇡

+

⇡

�) distributions are consistent with the background-only hypothesis, as
determined by the scan described below.

4 Upper limits

As no significant B(⇤)
c

(2S)+ signal is found, upper limits are set, for each B

(⇤)
c

(2S)+ mass

hypothesis, on the ratio R of the B

(⇤)
c

(2S)+ production cross-section times the branching

fraction of B(⇤)
c

(2S)+ ! B

(⇤)+
c

⇡

+

⇡

� to the production cross-section of the B

+

c

state.

The ratio R is determined for B

(⇤)
c

(2S)+ and B

+

c

candidates in the kinematic ranges
p

T

2 [0, 20]GeV/c and rapidity y 2 [2.0, 4.5], and is expressed as

R =
�

B

(⇤)
c (2S)

+

�

B

+
c

· B(B(⇤)
c

(2S)+ ! B

(⇤)+
c

⇡

+

⇡

�)

=
N

B

(⇤)
c (2S)

+

N

B

+
c

·
"

B

+
c

"

B

(⇤)
c (2S)

+

,

(2)

where � is the production cross-section, N the yield, and " the e�ciency of reconstructing
and selecting the B

+

c

or B(⇤)
c

(2S)+ candidates in the required p

T

and y regions. In the
case �M = 0, the reconstructed B

c

(2S)+ and B

⇤
c

(2S)+ states fully overlap, and the ratio
R corresponds to the sum of the R values of the B

c

(2S)+ and B

⇤
c

(2S)+ states. The upper
limits are calculated using the CL

s

method [36], in which the upper limit for each mass
hypothesis is obtained from the CL

s

value calculated as a function of the ratio R. The
test statistic is the ratio of the likelihoods of the signal-plus-background hypothesis and
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• LHCb reports a novel data-driven method for competitive B-lifetime 
measurements with SL decays: precision improved by 15% in Bs0 FS lifetime 
and 2x in Ds lifetime [PRL 119 (2017) 101801].  

• LHCb contributed with a number of new Bc decays observed.  
Keep searching: 

- no signal of Bc →DD decays yet [arXiv:1712.04702].   

- no signal of excited Bc(2S) states [JHEP 01 (2018) 138]. 

- see Patrick Owen’s talk, LFU test with Bc+→J/ψ τν and Bc+→J/ψ μν decays  
[PRL 120, 121801 (2018)].  

• Full Run 2 data set soon ready to explore new avenues and observations.
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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(B

c

(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 p

T

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 B
c

(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

• Categorise them with a MLP exploring angles between Bc and Bc(2S) 
candidates.

[JHEP 01 (2018) 138]
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[JHEP 01 (2018) 138]

⇡

� candidate momenta projected in the plane transverse to the beam axis; the angles
between the B

(⇤)
c

(2S)+ momentum and the B

+

c

, ⇡+, and ⇡� momenta in the B

(⇤)
c

(2S)+

centre-of-mass frame; the minimum cosine value of the angles between the momentum
of the B

+

c

meson or of one of the pions from B

(⇤)
c

(2S)+ and the momentum of the

muons or pion from the B

+

c

meson; and the vertex-fit �2 of the B

(⇤)
c

(2S)+ meson. In
simulation, these variables have similar distributions for the B

c

(2S)+ ! B

+

c

⇡

+

⇡

� and
B

⇤
c

(2S)+ ! B

⇤+
c

(! B

+

c

�)⇡+

⇡

� decays. Therefore, the combination of the simulated
candidates for the decays B

c

(2S)+ ! B

+

c

⇡

+

⇡

� and B

⇤
c

(2S)+ ! B

⇤+
c

(! B

+

c

�)⇡+

⇡

� is
used as signal for the MLP training, and the background sample consists of the can-
didates in the lower and upper sidebands of the M(B+

c

⇡

+

⇡

�) mass spectrum in data,
with M(B+

c

⇡

+

⇡

�) 2 [6555, 6785]MeV/c2 and [6900, 7500]MeV/c2, respectively. The MLP
response is transformed to make the signal candidates distributed evenly between zero
and unity, and the background candidates cluster near zero. Only the candidates with
transformed output values smaller than 0.02 are rejected, retaining 98% of the signal. The
remaining candidates are divided into four categories with the MLP response falling in
(0.02, 0.2), [0.2, 0.4), [0.4, 0.6) and [0.6, 1.0], respectively. The M(B+

c

⇡

+

⇡

�) distributions
in the expected signal region for the four MLP categories are shown in Fig. 2. The mass res-
olutions on M(B+

c

⇡

+

⇡

�) for the B(⇤)
c

(2S)+ state, �
w

(B(⇤)
c

(2S)+), can be determined from
the simulated samples of the B

c

(2S)+ ! B

+

c

⇡

+

⇡

� and B

⇤
c

(2S)+ ! B

⇤+
c

(! B

+

c

�)⇡+

⇡

�

decays. The di↵erences between the mass resolutions in data and simulation are evaluated
with the control decay mode B

+

c

! J/ ⇡

+

⇡

�
⇡

+, which has the same final state as the
signal and a large yield, and are corrected by applying a scale factor. The obtained mass
resolutions are �

w

(B
c

(2S)+) = 2.05± 0.05MeV/c2 and �
w

(B⇤
c

(2S)+) = 3.17± 0.03MeV/c2.
The M(B+

c

⇡

+

⇡

�) distributions are consistent with the background-only hypothesis, as
determined by the scan described below.

4 Upper limits

As no significant B(⇤)
c

(2S)+ signal is found, upper limits are set, for each B

(⇤)
c

(2S)+ mass

hypothesis, on the ratio R of the B

(⇤)
c

(2S)+ production cross-section times the branching

fraction of B(⇤)
c

(2S)+ ! B

(⇤)+
c

⇡

+

⇡

� to the production cross-section of the B

+

c

state.

The ratio R is determined for B

(⇤)
c

(2S)+ and B

+

c

candidates in the kinematic ranges
p

T

2 [0, 20]GeV/c and rapidity y 2 [2.0, 4.5], and is expressed as

R =
�

B

(⇤)
c (2S)

+

�

B

+
c

· B(B(⇤)
c

(2S)+ ! B

(⇤)+
c

⇡

+

⇡

�)

=
N

B

(⇤)
c (2S)

+

N

B

+
c

·
"

B

+
c

"

B

(⇤)
c (2S)

+

,

(2)

where � is the production cross-section, N the yield, and " the e�ciency of reconstructing
and selecting the B

+

c

or B(⇤)
c

(2S)+ candidates in the required p

T

and y regions. In the
case �M = 0, the reconstructed B

c

(2S)+ and B

⇤
c

(2S)+ states fully overlap, and the ratio
R corresponds to the sum of the R values of the B

c

(2S)+ and B

⇤
c

(2S)+ states. The upper
limits are calculated using the CL

s

method [36], in which the upper limit for each mass
hypothesis is obtained from the CL

s

value calculated as a function of the ratio R. The
test statistic is the ratio of the likelihoods of the signal-plus-background hypothesis and
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Table 1: E�ciencies for the B(⇤)
c

(2S)+ states in the regions p
T

2 [0, 20]GeV/c and y 2 [2.0, 4.5]
for each MLP category. The e�ciencies obtained before applying the MLP classifier are
0.0091± 0.0002 and 0.0086± 0.0001 for B

c

(2S)+ and B⇤
c

(2S)+, respectively. The uncertainties
are statistical only, and are due to the limited size of the simulated sample.

MLP category (0.02, 0.2) [0.2, 0.4) [0.4, 0.6) [0.6, 1.0]
E�ciencies in %

B

c

(2S)+ 0.148± 0.006 0.140± 0.006 0.130± 0.006 0.256± 0.008
B

⇤
c

(2S)+ 0.118± 0.003 0.140± 0.004 0.144± 0.004 0.288± 0.005

mass hypotheses. This choice of the search window gives the best sensitivity according to
Ref. [37].

The selection e�ciencies "
B

+
c
and "

B

(⇤)
c (2S)

+ are estimated using simulation. The track

reconstruction e�ciency is studied in a data control sample of J/ ! µ

+

µ

� decays using
a tag-and-probe technique [38], in which one of the muons is fully reconstructed as the
tag track, and the other muon, the probe track, is reconstructed using only information
from the TT detector and the muon stations. The track reconstruction e�ciency is the
fraction of J/ candidates whose probe tracks match fully reconstructed tracks. The
particle-identification (PID) e�ciency of the two opposite-charge pions is determined with
a data-driven method, using a ⇡+ sample from D

⇤-tagged D

0 ! K

�
⇡

+ decays. The total
e�ciency "

B

+
c
is determined to be 0.0931± 0.0005, where the uncertainty is the statistical

uncertainty of the simulated sample. The B(⇤)
c

(2S)+ e�ciencies obtained from the default
simulation, where M(B

c

(2S)+) = 6858MeV/c2 and M(B⇤
c

(2S)+) = 6890MeV/c2, are
summarised in Table 1. The variation of the e�ciencies with respect to M(B

c

(2S)+) and
M(B⇤

c

(2S)+), assumed to be linear, is studied using the data simulated with di↵erent mass

settings. This variation is considered when searching for the B

(⇤)
c

(2S)+ states at other

masses. The expected background yield in each of the B

(⇤)
c

(2S)+ signal regions, N
B

, is
estimated via extrapolation from the M(B+

c

⇡

+

⇡

�) sidebands for each MLP category. The
background is modelled by an empirical threshold function as shown in Fig. 3, where the
threshold is taken to be M(B+

c

)+M(⇡+)+M(⇡�) = 6555MeV/c2. The other parameters
are fixed according to the M(B+

c

⇡

+

⇡

�) distribution of the same-sign sample, which is
constructed with B

+

c

⇡

+

⇡

+ or B+

c

⇡

�
⇡

� combinations.
The sources of systematic uncertainties that a↵ect the upper limit calculation are

studied and summarised in Table 2. The systematic uncertainty on N

B

+
c
comes from the

potentially imperfect modelling of the signal, and has been studied using pseudoexperi-
ments. The uncertainty on "

B

+
c
is due to the limited size of the simulated sample. The

uncertainty on N

B

comes both from di↵erences between the combinatorial backgrounds
in the opposite-sign and the same-sign data samples and from the potential mismodelling
of the background. The former is studied by performing a large set of pseudoexperiments,
in which the samples are generated by randomly taking candidates from the data sample,
while the candidates in M(B+

c

⇡

+

⇡

�) 2 [6785, 6900]MeV/c2 are taken from the same-sign
sample. The M(B+

c

⇡

+

⇡

�) distributions of the pseudosamples are fit using the same func-
tion as in the nominal background modelling. The di↵erence between the mean value of
N

B

obtained from the pseudoexperiments and the nominal value is taken as the systematic
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Table 1: E�ciencies for the B(⇤)
c

(2S)+ states in the regions p
T

2 [0, 20]GeV/c and y 2 [2.0, 4.5]
for each MLP category. The e�ciencies obtained before applying the MLP classifier are
0.0091± 0.0002 and 0.0086± 0.0001 for B

c

(2S)+ and B⇤
c

(2S)+, respectively. The uncertainties
are statistical only, and are due to the limited size of the simulated sample.

MLP category (0.02, 0.2) [0.2, 0.4) [0.4, 0.6) [0.6, 1.0]
E�ciencies in %

B

c

(2S)+ 0.148± 0.006 0.140± 0.006 0.130± 0.006 0.256± 0.008
B

⇤
c

(2S)+ 0.118± 0.003 0.140± 0.004 0.144± 0.004 0.288± 0.005

mass hypotheses. This choice of the search window gives the best sensitivity according to
Ref. [37].

The selection e�ciencies "
B

+
c
and "

B

(⇤)
c (2S)

+ are estimated using simulation. The track

reconstruction e�ciency is studied in a data control sample of J/ ! µ

+

µ

� decays using
a tag-and-probe technique [38], in which one of the muons is fully reconstructed as the
tag track, and the other muon, the probe track, is reconstructed using only information
from the TT detector and the muon stations. The track reconstruction e�ciency is the
fraction of J/ candidates whose probe tracks match fully reconstructed tracks. The
particle-identification (PID) e�ciency of the two opposite-charge pions is determined with
a data-driven method, using a ⇡+ sample from D

⇤-tagged D

0 ! K

�
⇡

+ decays. The total
e�ciency "

B

+
c
is determined to be 0.0931± 0.0005, where the uncertainty is the statistical

uncertainty of the simulated sample. The B(⇤)
c

(2S)+ e�ciencies obtained from the default
simulation, where M(B

c

(2S)+) = 6858MeV/c2 and M(B⇤
c

(2S)+) = 6890MeV/c2, are
summarised in Table 1. The variation of the e�ciencies with respect to M(B

c

(2S)+) and
M(B⇤

c

(2S)+), assumed to be linear, is studied using the data simulated with di↵erent mass

settings. This variation is considered when searching for the B

(⇤)
c

(2S)+ states at other

masses. The expected background yield in each of the B

(⇤)
c

(2S)+ signal regions, N
B

, is
estimated via extrapolation from the M(B+

c

⇡

+

⇡

�) sidebands for each MLP category. The
background is modelled by an empirical threshold function as shown in Fig. 3, where the
threshold is taken to be M(B+

c

)+M(⇡+)+M(⇡�) = 6555MeV/c2. The other parameters
are fixed according to the M(B+

c

⇡

+

⇡

�) distribution of the same-sign sample, which is
constructed with B

+

c

⇡

+

⇡

+ or B+

c

⇡

�
⇡

� combinations.
The sources of systematic uncertainties that a↵ect the upper limit calculation are

studied and summarised in Table 2. The systematic uncertainty on N

B

+
c
comes from the

potentially imperfect modelling of the signal, and has been studied using pseudoexperi-
ments. The uncertainty on "

B

+
c
is due to the limited size of the simulated sample. The

uncertainty on N

B

comes both from di↵erences between the combinatorial backgrounds
in the opposite-sign and the same-sign data samples and from the potential mismodelling
of the background. The former is studied by performing a large set of pseudoexperiments,
in which the samples are generated by randomly taking candidates from the data sample,
while the candidates in M(B+

c

⇡

+

⇡

�) 2 [6785, 6900]MeV/c2 are taken from the same-sign
sample. The M(B+

c

⇡

+

⇡

�) distributions of the pseudosamples are fit using the same func-
tion as in the nominal background modelling. The di↵erence between the mean value of
N

B

obtained from the pseudoexperiments and the nominal value is taken as the systematic
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fraction of B(⇤)
c

(2S)+ ! B

(⇤)+
c

⇡

+

⇡

� to the production cross-section of the B

+

c

state.

The ratio R is determined for B

(⇤)
c

(2S)+ and B

+

c

candidates in the kinematic ranges
p

T

2 [0, 20]GeV/c and rapidity y 2 [2.0, 4.5], and is expressed as

R =
�

B

(⇤)
c (2S)

+

�

B

+
c

· B(B(⇤)
c

(2S)+ ! B

(⇤)+
c

⇡

+

⇡

�)

=
N

B

(⇤)
c (2S)

+

N

B

+
c

·
"

B

+
c

"

B

(⇤)
c (2S)

+

,

(2)

where � is the production cross-section, N the yield, and " the e�ciency of reconstructing
and selecting the B

+

c

or B(⇤)
c

(2S)+ candidates in the required p

T

and y regions. In the
case �M = 0, the reconstructed B

c

(2S)+ and B

⇤
c

(2S)+ states fully overlap, and the ratio
R corresponds to the sum of the R values of the B

c

(2S)+ and B

⇤
c

(2S)+ states. The upper
limits are calculated using the CL

s

method [35], in which the upper limit for each mass
hypothesis is obtained from the CL

s

value calculated as a function of the ratio R. The
test statistic is the ratio of the likelihoods of the signal-plus-background hypothesis and
the background-only hypothesis, defined as

Q(N
obs

;N
S

, N

B

) =
L(N

obs

;N
S

+N

B

)

L(N
obs

;N
B

)
, (3)

where N

obs

is the number of observed candidates, N
B

is the expected background yield,
and N

S

is the expected signal yield. For a given value of the ratio R, N
S

is determined as

N

S

= R ·N
B

+
c
·
"

B

(⇤)
c (2S)

+

"

B

+
c

. (4)

The likelihood L is defined as

L(n; x) = e

�x

n!
x

n

. (5)

The total statistical test value Q
tot

is the product of that for each of the four MLP
categories. The CL

s

value is the ratio of CL
s+b

to CL
b

, where CL
s+b

is the proba-
bility to find a Q

tot

value smaller than the Q
tot

value found in the data sample un-
der the signal-plus-background hypothesis, and CL

b

is equivalent probability under the
background-only hypothesis. The B

c

(2S)+ state is searched for by scanning the mass region
M(B+

c

⇡

+

⇡

�) 2 [6830, 6890]MeV/c2, which is motivated by theoretical predictions [1–11].
The value of �M is successively fixed to 0, 15, 25 and 35MeV/c2. The search windows

are within ±1.4�
w

(B(⇤)
c

(2S)+) of the B

(⇤)
c

(2S)+ mass hypotheses, where �
w

(B(⇤)
c

(2S)+) is

the resolution on M(B+

c

⇡

+

⇡

�) for the B

(⇤)
c

(2S)+ state. This choice of the search window
gives the best sensitivity according to Ref. [36].

The selection e�ciencies "
B

+
c
and "

B

(⇤)
c (2S)

+ are estimated using simulation. The track

reconstruction e�ciency is studied in a data control sample of J/ ! µ

+

µ

� decays using
a tag-and-probe technique [37], in which one of the muons is fully reconstructed as the
tag track, and the other muon, the probe track, is reconstructed using only information
from the TT detector and the muon stations. The track reconstruction e�ciency is the
fraction of J/ candidates whose probe tracks match fully reconstructed tracks. The
particle-identification (PID) e�ciency of the two opposite-charge pions is determined with
a data-driven method, using a ⇡+ sample from D

⇤-tagged D

0 ! K

�
⇡

+ decays. The total

5

Table 3: Comparison of the R value between the LHCb upper limits at 95% CL and the ATLAS

measurement [17], where 0 < "
7,8

 1 are the relative e�ciencies of reconstructing the B(⇤)
c

(2S)+

candidates with respect to the B+

c

signals for the 7 and 8TeV data, respectively.

p
s = 7TeV

p
s = 8TeV

ATLAS (0.22± 0.08 (stat))/"
7

(0.15± 0.06 (stat))/"
8

LHCb – < [0.04, 0.09]

5 Summary

In summary, a search for the B

c

(2S)+ and B

⇤
c

(2S)+ states is performed at LHCb with a
data sample of pp collisions, corresponding to an integrated luminosity of 2 fb�1, recorded
at a centre-of-mass energy of 8 TeV. No significant signal is found. Upper limits on
the B

c

(2S)+ and B

⇤
c

(2S)+ production cross-sections times the branching fraction of

B

(⇤)
c

(2S)+ ! B

(⇤)+
c

⇡

+

⇡

� relative to the B

+

c

cross-section, are given as a function of the
B

c

(2S)+ and B

⇤
c

(2S)+ masses.
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⇡

� candidate momenta projected in the plane transverse to the beam axis; the angles
between the B

(⇤)
c

(2S)+ momentum and the B

+

c

, ⇡+, and ⇡� momenta in the B

(⇤)
c

(2S)+

centre-of-mass frame; the minimum cosine value of the angles between the momentum
of the B

+

c

meson or of one of the pions from B

(⇤)
c

(2S)+ and the momentum of the

muons or pion from the B

+

c

meson; and the vertex-fit �2 of the B

(⇤)
c

(2S)+ meson. In
simulation, these variables have similar distributions for the B

c

(2S)+ ! B

+

c

⇡

+

⇡

� and
B

⇤
c

(2S)+ ! B

⇤+
c

(! B

+

c

�)⇡+

⇡

� decays. Therefore, the combination of the simulated
candidates for the decays B

c

(2S)+ ! B

+

c

⇡

+

⇡

� and B

⇤
c

(2S)+ ! B

⇤+
c

(! B

+

c

�)⇡+

⇡

� is
used as signal for the MLP training, and the background sample consists of the can-
didates in the lower and upper sidebands of the M(B+

c

⇡

+

⇡

�) mass spectrum in data,
with M(B+

c

⇡

+

⇡

�) 2 [6555, 6785]MeV/c2 and [6900, 7500]MeV/c2, respectively. The MLP
response is transformed to make the signal candidates distributed evenly between zero
and unity, and the background candidates cluster near zero. Only the candidates with
transformed output values smaller than 0.02 are rejected, retaining 98% of the signal. The
remaining candidates are divided into four categories with the MLP response falling in
(0.02, 0.2), [0.2, 0.4), [0.4, 0.6) and [0.6, 1.0], respectively. The M(B+

c

⇡

+

⇡

�) distributions
in the expected signal region for the four MLP categories are shown in Fig. 2. The mass res-
olutions on M(B+

c

⇡

+

⇡

�) for the B(⇤)
c

(2S)+ state, �
w

(B(⇤)
c

(2S)+), can be determined from
the simulated samples of the B

c

(2S)+ ! B

+

c

⇡

+

⇡

� and B

⇤
c

(2S)+ ! B

⇤+
c

(! B

+

c

�)⇡+

⇡

�

decays. The di↵erences between the mass resolutions in data and simulation are evaluated
with the control decay mode B

+

c

! J/ ⇡

+

⇡

�
⇡

+, which has the same final state as the
signal and a large yield, and are corrected by applying a scale factor. The obtained mass
resolutions are �

w

(B
c

(2S)+) = 2.05± 0.05MeV/c2 and �
w

(B⇤
c

(2S)+) = 3.17± 0.03MeV/c2.
The M(B+

c

⇡

+

⇡

�) distributions are consistent with the background-only hypothesis, as
determined by the scan described below.

4 Upper limits

As no significant B(⇤)
c

(2S)+ signal is found, upper limits are set, for each B

(⇤)
c

(2S)+ mass

hypothesis, on the ratio R of the B

(⇤)
c

(2S)+ production cross-section times the branching

fraction of B(⇤)
c

(2S)+ ! B

(⇤)+
c

⇡

+

⇡

� to the production cross-section of the B

+

c

state.

The ratio R is determined for B

(⇤)
c

(2S)+ and B

+

c

candidates in the kinematic ranges
p

T

2 [0, 20]GeV/c and rapidity y 2 [2.0, 4.5], and is expressed as

R =
�

B

(⇤)
c (2S)

+

�

B

+
c

· B(B(⇤)
c

(2S)+ ! B

(⇤)+
c

⇡

+

⇡

�)

=
N

B

(⇤)
c (2S)

+

N

B

+
c

·
"

B

+
c

"

B

(⇤)
c (2S)

+

,

(2)

where � is the production cross-section, N the yield, and " the e�ciency of reconstructing
and selecting the B

+

c

or B(⇤)
c

(2S)+ candidates in the required p

T

and y regions. In the
case �M = 0, the reconstructed B

c

(2S)+ and B

⇤
c

(2S)+ states fully overlap, and the ratio
R corresponds to the sum of the R values of the B

c

(2S)+ and B

⇤
c

(2S)+ states. The upper
limits are calculated using the CL

s

method [36], in which the upper limit for each mass
hypothesis is obtained from the CL

s

value calculated as a function of the ratio R. The
test statistic is the ratio of the likelihoods of the signal-plus-background hypothesis and

4

and �B⇤
c (2S)

+

�B+
c

= 0.10, (2)

which are consistent with the predictions given in Ref. [5], while according to Ref. [6], the
production cross-section ratios are

�Bc(2S)+

�B+
c

= 0.09 (3)

and �B⇤
c (2S)

+

�B+
c

= 0.23. (4)

Considering the branching fractions B(B(⇤)
c (2S)+ ! B(⇤)+

c ⇡+⇡�), Ref. [5] predicts
B(Bc(2S)+ ! B+

c ⇡
+⇡�) = 49% and B(B⇤

c (2S)
+ ! B⇤+

c (! B+
c �)⇡

+⇡�) = 39%, and
Ref. [7] predicts B(Bc(2S)+! B+

c ⇡
+⇡�) = 59% and B(B⇤

c (2S)
+! B⇤+

c (! B+
c �)⇡

+⇡�) =
53%. The predicted values of R are summarised in Table 1.

Table 1: Summary of the predictions for the R values.

Ref. for B prediction RBc(2S)+ RB⇤
c (2S)

+

Bcvegpy with listed settings
[5] 0.02 0.04

[7] 0.02 0.05
Production according to Ref. [5] [5] 0.02 0.04

Production according to Ref. [6]
[5] 0.04 0.09

[7] 0.05 0.12
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Table 2: Summary of the systematic uncertainties entering the upper limit calculation for the
four MLP categories.

MLP category (0.02, 0.2) [0.2, 0.4) [0.4, 0.6) [0.6, 1.0]

N

B

+
c

1.0%
"

B

+
c

0.5%
N

B

4.2% 9.0% 15.0% 6.9%

B

c

(2S)+! B

+

c

⇡

+

⇡

�

"

Bc(2S)
+ 4.6% 4.7% 4.9% 3.6%

E�ciency variation vs. M(B
c

(2S)+) 0.6% 1.3% 1.8% 2.7%

B

⇤
c

(2S)+! B

⇤+
c

⇡

+

⇡

�

"

B

⇤
c (2S)

+ 3.5% 3.3% 3.3% 2.7%
E�ciency variation vs. M(B⇤

c

(2S)+) 1.0% 1.8% 2.5% 4.3%

Table 3: Comparison of the R value between the LHCb upper limits at 95% CL and the ATLAS

measurement [18], where 0 < "
7,8

 1 are the relative e�ciencies of reconstructing the B(⇤)
c

(2S)+

candidates with respect to the B+

c

signals for the 7 and 8TeV data, respectively.

p
s = 7TeV

p
s = 8TeV

ATLAS (0.22± 0.08 (stat))/"
7

(0.15± 0.06 (stat))/"
8

LHCb – < [0.04, 0.09]

The LHCb and ATLAS results are compatible only in case of very large (unpublished)

relative e�ciency of reconstructing the B

(⇤)
c

(2S)+ candidates with respect to the B

+

c

signals for the ATLAS measurement.

5 Summary

In summary, a search for the B

c

(2S)+ and B

⇤
c

(2S)+ states is performed at LHCb with a
data sample of pp collisions, corresponding to an integrated luminosity of 2 fb�1, recorded
at a centre-of-mass energy of 8 TeV. No significant signal is found. Upper limits on
the B

c

(2S)+ and B

⇤
c

(2S)+ production cross-sections times the branching fraction of

B

(⇤)
c

(2S)+ ! B

(⇤)+
c

⇡

+

⇡

� relative to the B

+

c

cross-section, are given as a function of the
B

c

(2S)+ and B

⇤
c

(2S)+ masses.
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