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Outline  

  

•  Quarkonia  

•  Bc physics 

•  b-hadrons 

•  Summary and outlook   

Impossible to present everything  
in 25 minutes hence focus on more  
recent results 

See also related LHCb talks by 

V. Belyaev, LHCb results on associated production of heavy hadrons 
G. Cavallero, LHCb results on exotic spectroscopy 
D. Craik, LHCb results on heavy quark spectroscopy 
R. Silva Coutinho, LHCb charm, bottom and top production in the forward 
region 
C. Voss LHCb results on baryonic B decays 
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Introduction  

Today results from Run 1 
plus J/ψ from Run 2  
 
Exploit excellent dimuon trigger 
Capabilities plus unique hadron 
triggering and PID   
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Quarkonia motivation 

  

Quarkonium studies: a one-slide motivation 2$

•  NRQCD&factoriza/on:$
quarkonia$also$produced$$
as$coloured$Q\Qbar$pairs$$
of$any'possible'quantum'
numbers$

non\pert.$transiDon$
(gluon$emission)$

to$the$observable$state$
Quantum'numbers'change'!'

colour\octet$state$

•  Colour&Singlet&Model:$
quarkonia$always$produced$
directly$as$observable$
colour(neutral$Q\Qbar$pairs$

+$other$colour$
combinaDons$

colour\singlet$state$
red$

$$$$$$$$$$anD\red$

anD
blue$

green$

red$

$$$$$$$$$$anD\red$

! Quarkonia:$ideal$probes$of$hadron$formaDon$(QCD);$but$producDon$is$not$yet$understood$
! How/when$do$the$observed$Q\Qbar$bound$states$acquire$their$quantum$numbers?$

the illustrated edition 

! Two$opDons$leading$to$strong$polarizaDons$(longitudinal$and$transverse,$resp.)$$
for$the$directly\produced$S\states$�$polarizaDon$measurements$are$fundamental$ Fi
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Colour Singlet Model at NLO known to underestimate production  
cross-section 
 
•  Better agreement with NNLO* calculations 
 
NRQCD approach better agreement with data, but Long Distance Matrix 
Elements (LDMEs) have to be determined from the data 
 
•  Cross-sections agree with data, but predicts large transverse polarization 
     whilst data shows small polarization  
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LHCb scorecard 

  
J/ψ cross-section 

J/ψ polarization 

ψ(2S) polarization 

ψ(2S) cross-section 

χc production 

χb production 

ϒ(nS) polarization 

ϒ(nS) cross-section 

ηc cross-section 

Process 
Centre-of-mass energy [TeV] 

2.76 5 7 8 13 

Done	

To	do	

No	

Today J/ψ production @13TeV 
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Unique 
To LHCb 



Introducing Turbo stream

Figure 1. Schematic diagram of the LHCb trigger data-flow in Run I data taking (left) compared to
the proposed data-flow in Run II (right).

a factor of 20 larger than the corresponding beauty cross-section. This means that reducing the
output rate through the use of a trigger becomes essential not only for background rejection,
but also to distinguish between di�erent signals. At LHCb a three-level trigger is used. The
level-0 hardware trigger initially reduces the rate to 1MHz from the input collision rate of at
most 30MHz (limited by the bunch crossing rate of 40 MHz and taking account of the necessary
gaps in the bunch trains). In Run I, events which were selected by the hardware trigger were
passed through two software levels, giving a final output rate of 5 kHz.

2.1. Data readout and hardware trigger
The maximum rate of events that can be read out of the detector is imposed by the front-end
(FE) electronics and corresponds to a rate of 1.1 MHz. In order to determine which events
are kept, hardware triggers based on field-programmable gate arrays (FPGAs) are used with a
maximum latency of 4µs. Information from the ECAL, HCAL, and muon stations is used in
FPGA calculations in separate L0 triggers. Decisions from the di�erent hardware triggers are
combined and passed to the readout supervisor board (RS). The front-end electronics connect
to the 320 RS boards via 5000 optical links that allow for a through-put of 4 TBs�1 [2]. The RS
boards perform zero-suppression and interface the custom electronics to the readout network
via Gigabit Ethernet. Each readout supervisor board holds a fragment of an event. The average
event fragment size is 120 Bytes. An IP/Ethernet overhead of 58 Bytes must be accounted for so
fragments are packed into multi-event packets (MEP) to improve network utilisation. The MEP
packing factor is around 10 on average. In practice this varies as the RS controls the packing

Schema of LHCb trigger in RunII

Turbo stream:
Offline-quality reconstructed
candidates out of trigger

Advantages:

• Decrease size of raw event by an order
of magnitude.

• Larger output rate
• Increased trigger efficiency

• Simplify analyses due to removal of
separate reconstruction and selection
steps.

• Speed up the data delivery from
collisions to analysis.

I. Komarov (EPFL) J/ cross-section 24-07-2015 6 / 14
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J/ψ cross-section at 13 TeV 

  

Total of 4.97 ±  0.19 pb-1 pp collision data 
collected in early July 2015  

Use new turbo trigger stream  
(arxiv:1604.05596) 
 
Offline quality reconstructed candidates  
directly from trigger 
 
Decrease event size, increase output rate 
by an order of magnitude 
 
Take candidates selected by muon trigger 
lines with invariant mass consistent with J/ψ  

JHEP 11 (2015) 103 
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J/ψ production analysis  
Measure double differential cross-section 

•  Both prompt and J/ψ from b-hadron decay cross-sections 

•  Ratio of 13 and 8 TeV cross-section measurements (partially cancel out  
     experimental and theory uncertainties) 

•  Estimate of b production cross-section at 13 TeV 

d2�

dydpT
=

N(J/� � µ+µ�)
L · �tot · B(J/� � µ+µ�) · �y · �pT

Fit to mass 
 distribution 

Luminosity 
3.05 ± 0.12 pb-1 

Efficiency from MC+ data driven 
corrections for tracking, trigger PID 
Assume zero polarization 

5 bins from 2 - 4.5 in y 
14 bins from 0-14 GeV/c in pt  

5.961 ± 0.033 % 
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J/ψ fit details 
Unbinned simultaneous maximum likelihood fit to M(J/ψ) and tz for each bin 

µ+ 

Primary 
vertex 

µ- 

dz 

To separate J/ψ from prompt and b 
decays:  

tz =
dz

pJ/�
z

· mJ/�

Wrong PV 

from b 

prompt 
Combinatorial background 
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 J/ψ cross-sections 

b fraction increases 
towards central rapidity 

Naïve extrapolation to 4 using Pythia 6 

yfrom b
prompt

6.2 Extrapolation to the total bb cross-section

The total bb production cross-section is calculated using:

�(pp ! bbX) = ↵
4⇡

� (J/ -from-b, p
T

< 14GeV/c, 2.0 < y < 4.5)
2B (b ! J/ X)

, (3)

where ↵
4⇡

is the extrapolation factor to the full kinematic region and B(b ! J/ X) =
1.16± 0.10% [43] is the inclusive b ! J/ X branching fraction. Using the LHCb tuning of
Pythia 6 [46], ↵

4⇡

is found to be 5.2. The extrapolation predictions given by Pythia 8 and
FONLL [27] are ↵

4⇡

= 5.1 and ↵
4⇡

= 5.0 respectively at
p
s = 13TeV. Their predictions atp

s = 7TeV are compatible with the estimate using LHC J/ cross-section measurements
in di↵erent rapidity ranges [17, 30]. Using the extrapolation factor from Pythia 6, the
total bb production cross-section is found to be �(pp ! bbX) = 515± 2 ± 53µb, where
the first uncertainty is statistical and the second systematic. No uncertainty on ↵

4⇡

is
included in this estimate.

6.3 Comparison with lower energy results

The J/ cross-sections measured at
p
s = 13TeV are compared to previous LHCb

measurements [12, 18, 30]. In all previous LHCb measurements of the J/ production
cross-section, the branching fraction from Ref. [61], B(J/ ! µ+µ�) = (5.94 ± 0.06)%,
was used. When the measurements at 13TeV are compared with those at lower en-
ergy, the previous results are updated with the improved branching fraction value,
B(J/ ! µ+µ�) = (5.961 ± 0.033)% [43]. The corresponding systematic uncertainty
is totally correlated among the measurements. The di↵erential cross-section as a function
of p

T

integrated over y is shown in Fig. 5, including all uncertainties, compared to measure-
ments with pp collisions at

p
s = 8TeV, for prompt J/ and J/ -from-b mesons. In Fig. 6,

the di↵erential cross-section as a function of y integrated over p
T

is shown, compared
to measurements with pp collisions at

p
s = 8TeV. Tables 7 and 8 show the di↵erential

cross-sections integrated over y and p
T

for prompt J/ and J/ -from-b mesons.
In Fig. 7, the ratios R

13/8

of the double di↵erential cross-sections in pp collisions
at

p
s = 13TeV and at

p
s = 8TeV are given for prompt J/ and J/ -from-b mesons,

taking into account the correlations of various systematic uncertainties. The ratios of the
cross-sections in bins of y integrated over p

T

are shown in Fig. 8, while those in bins of p
T

integrated over y are in Fig. 9. The cross-section ratios are summarised in Table 9 and 10
for prompt J/ and J/ -from-b respectively.

In the cross-section ratios, many of the systematic uncertainties cancel because of cor-
relations between the two measurements. The uncertainty of the luminosity determination,
which is the dominating systematic uncertainty, is determined to be 50% correlated [54],
yielding a total uncertainty in the ratio of 4.6%. The uncertainties due to the signal mass
shape, vertex fit quality requirement, radiative tail, muon identification, tracking e�ciency,
J/ ! µ+µ� branching fraction and trigger are also totally or partially correlated. The
remaining systematic uncertainties of the cross-section ratio are summarised in Table 4.

12

pT < 14GeV/c, 2.0 < y < 4.5

�(prompt J/ ) = (15.30± 0.03± 0.86)µb

�(J/ from b) = (2.34± 0.01± 0.13)µb

JHEP 11 (2015) 103 
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 J/ψ: Comparison to theory 
M.Cacciari et al. [JHEP 1210 (2012) 137] H.-S. Shao et al. [JHEP 1505 (2015) 103] 

Data/theory agree 
 within uncertainties 
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 J/ψ: Cross-section ratios 
Experimental (and theory) uncertainties cancel in cross-section ratio 
to 8 TeV measurement [JHEP 06 (2013) 064] 13 TeV to 8 TeV cross-section ratio LHCb-PAPER-2015-037

Quantity Systematic uncertainty
Luminosity 4.6% 30% cancelled

Trigger 1.5 % 50% cancelled
Muon ID 2.2%
Tracking 1% 50% cancelled

Signal shape 2% up to 80% cancelled for some bins
pT-y -spectrum, MC stat. (tz fits) 1-8%

Systematic uncertainties on the 13 TeV to 8 TeV cross-section ratio

]c) [GeV/ψ(J/
T

p
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)) T
/(d

yd
p

σ2
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2.0<y<2.5
2.5<y<3.0
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3.5<y<4.0
4.0<y<4.5

LHCb 13 TeV/8 TeV preliminary

Prompt J/ 

]c) [GeV/ψ(J/
T

p
0 5 10

)) T
/(d

yd
p

σ2
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at
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(d
1
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3

4

5

6

2.0<y<2.5
2.5<y<3.0
3.0<y<3.5
3.5<y<4.0
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LHCb 13 TeV/8 TeV preliminary

J/ -from-b

Ratio of differential cross-sections between 13 TeV and 8 TeV measurement as a function of pT in
bins of y for prompt (left) and J/ mesons from b-hadrons (right).

I. Komarov (EPFL) J/ cross-section 24-07-2015 12 / 14

Theory prediction Shao 
Uncertainty 1 % 

prompt

from b
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b cross-section ratios from 
 semi-leptonic decays 

J/ψ Data/theory ratios agree well at high y, low y less well 
 
Trend that theory underestimates increase in cross section seen in data  
also seen seen in b cross-section measurement using semi-leptonic decays 
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More details in talk of 
R. Silva Coutinho 
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Bc physics 
From Godfrey, PRD 70, 054017
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Bc Mass Spectrum 

1
-

Lucio Anderlini – QCD measurements and (double) charm production at LHCb La Thuile – February 26th, 2013 Backup slide 2

Ground state is unique meson 
containing two heavy quarks decaying 
weakly 
 
Ideal testing ground for QCD models 
 
LHCb has had big impact in this area 
 •  Mass from average of LHCb measurements is 6274.67 ± 1.2 MeV/c2 
•  Lifetime  511.4 ± 9.3 fs 
•  9 new decay modes ! 

 
Today present two recent analyses 

Measurement of BR(Bc
+ èJ/ψK+)/BR(Bc

+
 èJ/ψπ+), arxiv:1607.06823 

 
Study of Bc 

+è K+K-π+ and evidence for Bc
+ è  χc0 π+ arxiv:1607.06134 

 
For Bè ppπ+  see talk of C. Haen 
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Bc
+ è J/ψK+ 
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23

 Mode first observed by LHCb using 1 fb-1 of data (JHEP 09 (2103) 75)  
 
CKM suppressed b è cus transition 
 
New update to full Run 1 dataset (3 fb-1) 
 
Normalize to Bc

+è J/ψπ+  

2012 2012 
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Bc
+ è J/ψK+ 

in quadrature, the total relative systematic uncertainties on R
K/⇡

are 3.5% and 3.4% for
the 7TeV and 8TeV results.

Table 1: Summary of the relative systematic uncertainties on R
K/⇡

.

7TeV 8TeV
Signal model 0.5% 0.8%
Combinatorial background 1.1% 0.5%
Partially reconstructed background 3.3% 3.2%
Misidentification background 0.2% 0.0%
Particle identification e�ciency 0.2% 0.1%
Detector material 0.3% 0.3%
Total 3.5% 3.4%

6 Results and summary

Using the yield and e�ciency ratios, the ratio of branching fractions of B+

c

! J/ K+

and B+

c

! J/ ⇡+ is evaluated as

R
K/⇡

= 0.089± 0.013± 0.003

for the 7TeV data sample and

R
K/⇡

= 0.075± 0.008± 0.003

for the 8TeV sample, where the first uncertainties are statistical and the second are
systematic.

The two results are combined by evaluating their weighted average. The systematic
uncertainties of both measurements are dominated by the contribution from the non-
inclusion of the partially reconstructed background for B+

c

! J/ K+ decays, and so are
assumed to be fully correlated, while their statistical uncertainties are independent. The
combined measurement for the 7TeV and 8TeV data sample is

R
K/⇡

= 0.079± 0.007± 0.003 .

This is consistent with the previous LHCb measurement R
K/⇡

= 0.069±0.019±0.005 [16],
which was based on the 7TeV data alone. The uncertainties are significantly reduced
due to both the increased sample size and the improved event selection. The result
supersedes the previous measurement [16] and agrees with the theoretical predictions in
Refs. [1, 5–7,10,12–15], but disfavours that based on QCD sum rules [11].

Acknowledgements

We express our gratitude to our colleagues in the CERN accelerator departments for the
excellent performance of the LHC. We thank the technical and administrative sta↵ at the

6

Agrees with previous LHCb results and range of theory predictions 

Main systematic from  
treatment of partially  
reconstructed backgrounds 

•  Simultaneous fit to signal and normalization channels 

•  In Run 1 3207 +/- 64 total of Bc
+è J/ψπ+  candidates 

stat syst 
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Bc
+ è K+K-π+ 
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Heavy flavour physics involves studying the decays of hadrons containing at least one b
or c valence quark, with the possibility of making precision measurements of Standard
Model (SM) parameters and detecting e↵ects of new physics. The B+

c

meson (bc), the
only currently established hadron having two di↵erent heavy-flavour quarks, has the
particularity of decaying weakly through either of its flavours.1 In the SM, the B+

c

decays with no charm and beauty particles in the final or intermediate states can proceed
only via bc ! W+ ! uq (q = d, s) annihilation, with an amplitude proportional to the
product of CKM matrix elements V ⇤

cb

V
uq

. Calculations predict branching fractions in the
range 10�8 � 10�6 [1–3]. Any significant enhancement could indicate the presence of bc
annihilations involving particles beyond the SM, such as a mediating charged Higgs boson
(see e.g. Ref. [4, 5]).

Experimentally, the decays of B+
c

mesons to three light charged hadrons provide a good
way to study such processes. These decay modes have a large available phase space and can
include other processes such as B+

c

! D0(! K⇡)h+ (h = ⇡, K) [6] mediated by b ! u and
b ! d, s transitions, B+

c

! B0
q

(! h+
1 h

�
2 )h

+
3 decays [7] mediated by c ! q transitions, or

charmonium modes B+
c

! [cc](! h+
1 h

�
1 )h

+
2 [8] mediated by the b ! c transition [9]. In this

study, special consideration is given to decays leading to aK+K�⇡+ final state in the region
well below the D0 mass, taken to be m(K�⇡+) < 1.834GeV/c2, where, after removing
possible contributions from ([cc], B0

s

) ! K+K�, only the annihilation process remains.

The other contributions listed above are also examined. The B+ ! D
0
(! K+K�)⇡+

decay is used as a normalization mode to derive the quantity

R
f

⌘ �(B+
c

)

�(B+)
⇥ B(B+

c

! f), (1)

where B is the branching fraction, and �(B+
c

) and �(B+) are the production cross-
sections of the B+

c

and B+ mesons. The quantity R
f

is measured in the fiducial region
pT(B) < 20GeV/c and 2.0 < y(B) < 4.5, where pT is the component of the momentum
transverse to the proton beam and y denotes the rapidity. The data sample used corresponds
to integrated luminosities of 1.0 and 2.0 fb�1 collected by the LHCb experiment at 7 and
8 TeV centre-of-mass energies in pp collisions, respectively. Since the kinematics of B

meson production is very similar at the two energies, the ratio �(B+
c )

�(B+) is assumed to be the
same for all the measurements discussed in this Letter.

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, described in detail in Ref. [10,11]. The detector allows the reconstruction
of both charged and neutral particles. For this analysis, the ring-imaging Cherenkov
(RICH) detectors [12], distinguishing pions, kaons and protons, are particularly important.
Simulated events are produced using the software described in Refs. [13–19].

The B+
(c) ! K+K�⇡+ decay candidates are reconstructed applying the same selection

procedure as in Ref. [20]. A similar multivariate analysis using a boosted decision tree
(BDT) classifier [21] is implemented. Particle identification (PID) requirements are then
applied to reduce the combinatorial background and suppress the cross-feed from pions

1Charge conjugation is implied throughout the paper.
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Heavy flavour physics involves studying the decays of hadrons containing at least one b
or c valence quark, with the possibility of making precision measurements of Standard
Model (SM) parameters and detecting e↵ects of new physics. The B+

c

meson (bc), the
only currently established hadron having two di↵erent heavy-flavour quarks, has the
particularity of decaying weakly through either of its flavours.1 In the SM, the B+

c

decays with no charm and beauty particles in the final or intermediate states can proceed
only via bc ! W+ ! uq (q = d, s) annihilation, with an amplitude proportional to the
product of CKM matrix elements V ⇤

cb

V
uq

. Calculations predict branching fractions in the
range 10�8 � 10�6 [1–3]. Any significant enhancement could indicate the presence of bc
annihilations involving particles beyond the SM, such as a mediating charged Higgs boson
(see e.g. Ref. [4, 5]).

Experimentally, the decays of B+
c

mesons to three light charged hadrons provide a good
way to study such processes. These decay modes have a large available phase space and can
include other processes such as B+

c

! D0(! K⇡)h+ (h = ⇡, K) [6] mediated by b ! u and
b ! d, s transitions, B+

c

! B0
q

(! h+
1 h

�
2 )h

+
3 decays [7] mediated by c ! q transitions, or

charmonium modes B+
c

! [cc](! h+
1 h

�
1 )h

+
2 [8] mediated by the b ! c transition [9]. In this

study, special consideration is given to decays leading to aK+K�⇡+ final state in the region
well below the D0 mass, taken to be m(K�⇡+) < 1.834GeV/c2, where, after removing
possible contributions from ([cc], B0

s

) ! K+K�, only the annihilation process remains.

The other contributions listed above are also examined. The B+ ! D
0
(! K+K�)⇡+

decay is used as a normalization mode to derive the quantity

R
f

⌘ �(B+
c

)

�(B+)
⇥ B(B+

c

! f), (1)

where B is the branching fraction, and �(B+
c

) and �(B+) are the production cross-
sections of the B+

c

and B+ mesons. The quantity R
f

is measured in the fiducial region
pT(B) < 20GeV/c and 2.0 < y(B) < 4.5, where pT is the component of the momentum
transverse to the proton beam and y denotes the rapidity. The data sample used corresponds
to integrated luminosities of 1.0 and 2.0 fb�1 collected by the LHCb experiment at 7 and
8 TeV centre-of-mass energies in pp collisions, respectively. Since the kinematics of B

meson production is very similar at the two energies, the ratio �(B+
c )

�(B+) is assumed to be the
same for all the measurements discussed in this Letter.

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, described in detail in Ref. [10,11]. The detector allows the reconstruction
of both charged and neutral particles. For this analysis, the ring-imaging Cherenkov
(RICH) detectors [12], distinguishing pions, kaons and protons, are particularly important.
Simulated events are produced using the software described in Refs. [13–19].

The B+
(c) ! K+K�⇡+ decay candidates are reconstructed applying the same selection

procedure as in Ref. [20]. A similar multivariate analysis using a boosted decision tree
(BDT) classifier [21] is implemented. Particle identification (PID) requirements are then
applied to reduce the combinatorial background and suppress the cross-feed from pions

1Charge conjugation is implied throughout the paper.
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where ✏
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are the e�ciencies and N
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are the yields obtained from the fits.
Systematic uncertainties are associated with the yield ratios, the e�ciency ratios and
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Table 1: Relative systematic uncertainties (in %) of the measurements of Ran,KK⇡

and R
�c0⇡.

Source Ran,KK⇡

R
�c0⇡

Normalisation yield 1.3 1.3
Event distribution 1.6 –
Fit model 2.4 2.3
BDT shape 5.0 2.9
PID 1.0 1.0
Simulation 0.8 0.8
Detector acceptance 0.4 0.3
B+

c

lifetime 2.0 2.0
Hardware trigger 1.5 1.4
Fiducial cut 0.1 0.1
Branching fractions 3.6 6.2
Total 7.5 7.8

the uncertainties. The yields are a↵ected by the uncertainties on the fit functions and
parameters, and by the variation of the yield fractions in the BDT output bins, due to the
uncertainty on the BDT output distribution. The uncertainties on the e�ciency ratios are
due to the PID calibration, the limited sizes of the simulated samples, the e↵ect of the
detector acceptance, the B+

c

lifetime 0.507± 0.009 ps [24], and the trigger and fiducial cut
corrections.

We obtain Ran,KK⇡

= (8.0+4.4
�3.8(stat) ± 0.6(syst)) ⇥ 10�8 and R

�c0⇡ = (9.8+3.4
�3.0(stat) ±

0.8(syst)) ⇥ 10�6. Accounting for the systematic uncertainties related to the signal
extraction, the significances of these measurements are 2.4 � and 4.0 �, respectively. For the
annihilation region, a 90(95)% confidence level (CL) upper limit, Ran,KK⇡

< 15(17)⇥ 10�8,
is estimated by making a scan of Ran,KK⇡

, comparing profile likelihood ratios for the
“signal+background” against “background-only” hypotheses [9, 25].

For the modes B+
c

! B0
s

(! K+K�)⇡+ and B+
c

! D0(! K�⇡+)K+, no significant
deviation from the background-only hypothesis is observed. Using B(B0

s

! K+K�) =
(2.50 ± 0.17) ⇥ 10�5 and B(D0 ! K�⇡+) = (3.93 ± 0.04)% [23], the following 90(95)%

CL upper limits are obtained: R
B

0
s⇡

⌘ �(B+
c )

�(B+) ⇥ B(B+
c

! B0
s

⇡+) < 4.5(5.4) ⇥ 10�3 and

R
D

0
K

⌘ �(B+
c )

�(B+) ⇥ B(B+
c

! D0K+) < 1.3(1.6)⇥ 10�6. The first limit is consistent with the

result of Ref. [26], which gives R
B

0
s⇡

= (6.2±1.0)⇥10�4, using �(B0
s

)/�(B+) = 0.258±0.016
[27,28].

In summary, a study of B+
c

meson decays to theK+K�⇡+ final state has been performed
in the fiducial region pT(B) < 20GeV/c and 2.0 < y(B) < 4.5. Evidence for the decay
B+

c

! �
c0⇡+ is found at 4.0 � significance. This result can be compared to the measurement

involving another charmonium mode, �(B+
c )

�(B+) ⇥ B(B+
c

! J/ ⇡+) = (7.0 ± 0.3) ⇥ 10�6,

obtained from Refs. [23, 29].
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dard deviations, resulting in the measurement of �(B+
c )

�(B+) ⇥ B(B+
c
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c0⇡+) to be
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Figure 3: Distribution of events for the signal region 6.2 < m(K+K�⇡+) < 6.35GeV/c2 in the
m2(K�⇡+) vs. m2(K+K�) plane for (left) OBDT > 0.12 and (right) OBDT > 0.18. The vertical
red dashed lines represent a band of width ±60MeV/c2 around the �

c0 mass. The horizontal blue
dot-dashed line indicates the upper bound of the annihilation region at m(K�⇡+) = 1.834GeV/c2,
representing 17% of the available phase space area.

since no peak is seen in m(K+K�⇡+) at the B+
c

mass [9].
To determine the B+

c

! �
c0(! K+K�)⇡+ signal yield, the two-dimensional

m(K+K�⇡+) vs. m(K+K�) distributions are fitted simultaneously for the three BDT
bins. The m(K+K�⇡+) distribution is modelled in the same way as described above. The
m(K+K�) distribution, defined in the range 3.20 < m(K+K�) < 3.55GeV/c2, is modelled
with a Breit–Wigner function, with mean and width fixed to their known values [23],
convolved with a Gaussian resolution function, representing the �

c0 ! K+K� shape, and
a first-order polynomial representing K+K� background. Figure 4 shows the projections
of the fit result. The yield obtained is N

�c0 = 20.8+7.2
�6.4, with a statistical significance of

4.1 �. The fits for the D0 and B0
s

regions, where no signal is observed, can be found at
Ref. [9].

The e�ciencies for the signals, ✏
c

, and normalization channel, ✏
u

, are inferred from
simulated samples and are corrected using data-driven methods as described in Ref. [20].
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Table 1: Relative systematic uncertainties (in %) of the measurements of Ran,KK⇡

and R
�c0⇡.

Source Ran,KK⇡

R
�c0⇡

Normalisation yield 1.3 1.3
Event distribution 1.6 –
Fit model 2.4 2.3
BDT shape 5.0 2.9
PID 1.0 1.0
Simulation 0.8 0.8
Detector acceptance 0.4 0.3
B+

c

lifetime 2.0 2.0
Hardware trigger 1.5 1.4
Fiducial cut 0.1 0.1
Branching fractions 3.6 6.2
Total 7.5 7.8
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uncertainty on the BDT output distribution. The uncertainties on the e�ciency ratios are
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lifetime 0.507± 0.009 ps [24], and the trigger and fiducial cut
corrections.

We obtain Ran,KK⇡

= (8.0+4.4
�3.8(stat) ± 0.6(syst)) ⇥ 10�8 and R

�c0⇡ = (9.8+3.4
�3.0(stat) ±

0.8(syst)) ⇥ 10�6. Accounting for the systematic uncertainties related to the signal
extraction, the significances of these measurements are 2.4 � and 4.0 �, respectively. For the
annihilation region, a 90(95)% confidence level (CL) upper limit, Ran,KK⇡

< 15(17)⇥ 10�8,
is estimated by making a scan of Ran,KK⇡

, comparing profile likelihood ratios for the
“signal+background” against “background-only” hypotheses [9, 25].

For the modes B+
c
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s

(! K+K�)⇡+ and B+
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! D0(! K�⇡+)K+, no significant
deviation from the background-only hypothesis is observed. Using B(B0

s

! K+K�) =
(2.50 ± 0.17) ⇥ 10�5 and B(D0 ! K�⇡+) = (3.93 ± 0.04)% [23], the following 90(95)%

CL upper limits are obtained: R
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c )
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c

! B0
s
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R
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0
K

⌘ �(B+
c )

�(B+) ⇥ B(B+
c

! D0K+) < 1.3(1.6)⇥ 10�6. The first limit is consistent with the

result of Ref. [26], which gives R
B

0
s⇡

= (6.2±1.0)⇥10�4, using �(B0
s

)/�(B+) = 0.258±0.016
[27,28].

In summary, a study of B+
c

meson decays to theK+K�⇡+ final state has been performed
in the fiducial region pT(B) < 20GeV/c and 2.0 < y(B) < 4.5. Evidence for the decay
B+

c

! �
c0⇡+ is found at 4.0 � significance. This result can be compared to the measurement

involving another charmonium mode, �(B+
c )

�(B+) ⇥ B(B+
c

! J/ ⇡+) = (7.0 ± 0.3) ⇥ 10�6,

obtained from Refs. [23, 29].
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b-baryons 
Until LHC startup very poorly explored 

Weakly decaying Λb, Ξb
-, Ωb

- observed 
+ strong decaying charged Σb 
 
Excited Λb states seen by LHCb 
PRL. 109:172003 (2012) 
 
Excited Ξb states also seen by LHCb 
(JHEP 05 (2016) 161), PRL 114 
(2015), 062004. Neutral state seen by 
CMS. 

Measurements of properties probe QCD 

•  Mass measurements probe the quark model 

•  Lifetime measurements test of HQET prediction 

1 Introduction

Measurements of the lifetimes of beauty baryons provide an important test of Heavy
Quark E↵ective Theory (HQET) [1–8], in which it is predicted that the decay width
is dominated by the weak decay of the heavy b quark. The large samples of b baryons
collected by LHCb have led to greatly improved measurements of their lifetimes [9–12],
which are in good agreement with HQET predictions. In particular, the lifetime of the
⇤0

b

baryon is now measured to a precision of better than 1% [13], and those of the ⌅0

b

and ⌅�
b

to about 3% [12,13]. Within HQET it is expected that the lifetimes of weakly-
decaying b baryons follow the hierarchy ⌧⌦�

b

' ⌧⌅�
b

> ⌧⌅0

b

⇡ ⌧⇤0

b

[14–16], and thus far, the
measured lifetimes respect this pattern within the uncertainties. However, the uncertainty
on the measured lifetime of the ⌦�

b

baryon is too large to fully verify this prediction.
The single best measurement to date of the ⌦�

b

lifetime is 1.54+0.26

�0.21

± 0.05 ps [10] by
the LHCb experiment, based on a sample of 58± 8 reconstructed ⌦�

b

! J/ ⌦� decays,
with J/ ! µ+µ�, ⌦� ! ⇤K� and ⇤! p⇡�. Larger samples are needed to reduce the
statistical uncertainty.

Improved knowledge of the ⌦�
b

mass would provide tighter experimental constraints for
tests of lattice quantum chromodynamics (QCD) and QCD-inspired models, which aim to
accurately predict the masses of hadrons [17]. The two most recent measurements of the
⌦�

b

mass, by the LHCb [18] and CDF [19] collaborations are in agreement, but an earlier
measurement by the D0 collaboration [20] is larger by about 10 standard deviations.

In this paper, we report measurements of the mass and lifetime of the ⌦�
b

baryon using
the decay mode ⌦�

b

! ⌦0

c

⇡�, where ⌦0

c

! pK�K�⇡+. (Charge-conjugate processes are
implied throughout.) The only prior evidence of the ⌦�

b

! ⌦0

c

⇡� decay has been in the
⌦0

c

! ⌦�⇡+ mode, with a signal of 4 events (3.3� significance) [19]. The ⌦0

c

!pK�K�⇡+

decay mode is Cabibbo suppressed and is yet to be observed. However, it has the
advantage of a larger acceptance in the LHCb detector compared to decay modes with
hyperons in the final state. For example, the yield of ⌅�

b

decays reconstructed using
⌅�

b

!⌅0

c

⇡�, ⌅0

c

!pK�K�⇡+ decays [12] is about six times larger than that obtained
using ⌅�

b

!J/ ⌅� decays [10], where ⌅� !⇤⇡� and ⇤ !p⇡�.
The mass and lifetime measurements are calibrated with respect to those of the

⌅�
b

baryon, reconstructed in the ⌅�
b

! ⌅0

c

⇡�, ⌅0

c

! pK�K�⇡+ decay mode. The
mass and lifetime of the ⌅�

b

are measured to be m⌅�
b

= 5797.72± 0.55MeV/c2 and ⌧⌅�
b

=
1.599±0.041±0.022 ps [12], respectively; the measurements are of su�ciently high precision
that they do not represent a limiting uncertainty in the ⌦�

b

measurements presented here.
The two quantities that are measured are the mass di↵erence, �m = m⌦�

b

�m⌅�
b

, and the
lifetime ratio ⌧⌦�

b

/⌧⌅�
b

. The identical final states and similar energy release in the b and
c baryon decays lead to a high degree of cancellation of the systematic uncertainties on
these quantities. Throughout this article, we use X

b

(X
c

) to refer to either a ⌅�
b

(⌅0

c

) or
⌦�

b

(⌦0

c

) baryon.

1
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Ratios of branching fractions of b hadron decays to  (2S) and J/ 2
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Figure 1: Ratios of branching fractions of b hadron decays to final states containing  (2S) and
J/ . Red circles correspond to measurements performed by LHCb collaboration [1–7] while black
squares represent measurements of the other experiments [8–10]. Black outer error bars represent
the total uncertainties of the measurements, while the blue inner error bars represent statistical
uncertainties only.

1

where the correlation of 41% between the LHCb measurements of the ⇤0
b mass and

the ⇤0
b–B

0 mass splitting has been taken into account. This is in agreement with the current
world average of 5279.61± 0.16MeV/c2 [33].

6 Results and summary

The ⇤0
b!  (2S)pK� and ⇤0

b! J/ ⇡+⇡�pK� decay modes are observed using a sam-
ple of pp collisions at centre-of-mass energies of 7 and 8TeV, corresponding to an
integrated luminosity of 3 fb�1. With results from the channels  (2S)! µ+µ� and
 (2S)! J/ ⇡+⇡� combined, the ratio of branching fractions is measured:

R (2S) =
B(⇤0

b!  (2S)pK�)

B(⇤0
b! J/ pK�)

= (20.70± 0.76± 0.46± 0.37)⇥ 10�2 ,

where the first uncertainty is statistical, the second is systematic and the third is related
to the uncertainties of the known dielectron J/ and  (2S) branching fractions and of
the branching fraction of the  (2S)! J/ ⇡+⇡� decay. The ratio of branching fractions
for ⇤0

b! J/ ⇡+⇡�pK� and ⇤0
b! J/ pK� is

RJ/ ⇡+⇡� =
B(⇤0

b! J/ ⇡+⇡�pK�)

B(⇤0
b! J/ pK�)

= (20.86± 0.96± 1.34)⇥ 10�2 ,

where the first uncertainty is statistical, the second is systematic and contributions via
intermediate resonances are included.

From measurements of the ratio R (2S) via two di↵erent decay modes of the  (2S) meson
it is determined that

B( (2S)! µ+µ�)

B( (2S)! J/ ⇡+⇡�)
= (2.30± 0.20± 0.12± 0.01)⇥ 10�2 ,
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Λb è J/ψπ+π-pK- 

Low Q-value of these decays allows 
for precision measurement of  Λb mass 
 
Complement with measurement  
using  normalization mode  
(large dataset but higher statistics) 
 
This gives: 

Most precise direct measurement of any b-hadron mass 

Table 5: Measured ⇤0
b mass in di↵erent decay channels. The first uncertainty is statistical and

the second is systematic.

Channel M(⇤0
b) [MeV/c2]

⇤0
b! J/ pK� 5619.62± 0.04± 0.34

⇤0
b!  (2S)[! µ+µ�]pK� 5619.84± 0.18± 0.19

⇤0
b!  (2S)[! J/ ⇡+⇡�]pK� 5619.38± 0.33± 0.18

⇤0
b! J/ ⇡+⇡�pK� excluding  (2S) 5619.08± 0.30± 0.27

The results from the four decay channels are presented in Table 5. To combine them,
correlations must be taken into account. The statistical uncertainties and those related
to the fit procedure are treated as uncorrelated while those due to the momentum scale
and energy loss correction are considered to be fully correlated. The combined value of
the ⇤0

b mass is
M(⇤0

b) = 5619.65± 0.17± 0.17MeV/c2 , (10)

where the first uncertainty is statistical and the second systematic. The �2/ndf calculated
for the individual measurements with respect to the combined value is 3.0/3. This is the
most precise measurement of any b-hadron mass reported to date.

Previous direct measurements of the ⇤0
b mass by LHCb were made using the de-

cay ⇤0
b ! J/ ⇤0 [22, 44] and are statistically independent of the results of this study.

The combination obtained here is consistent with, and more precise than, the results of
these earlier studies. The LHCb results are combined, taking the statistical uncertainties
and those related to the fit procedure to be uncorrelated and those due to the energy
loss correction to be fully correlated. The uncertainty due to the momentum scale in
Ref. [22] is also taken to be fully correlated, whereas in Ref. [44] a di↵erent alignment and
calibration procedure was used and so the corresponding uncertainty is considered to be
uncorrelated with the other measurements. The result of the combination is dominated by
the measurements of this analysis and is

M(⇤0
b) = 5619.65± 0.16± 0.14MeV/c2 , (11)

where the uncertainties are statistical and systematic. The �2/ndf calculated for the
individual measurements with respect to the combined value is 3.4/5. The measured
mass is in agreement with, but more precise than, the results of the ATLAS [46] and
CDF [4] collaborations.

From the value of the ⇤0
b mass in Eq. 11 and a precise measurement of the mass

di↵erence between the ⇤0
b and B0 hadrons reported in Ref. [6], the mass of the B0 meson

is calculated to be
M(B0) = 5279.93± 0.39MeV/c2 , (12)

11

LHCb combination 

Table 5: Measured ⇤0
b mass in di↵erent decay channels. The first uncertainty is statistical and

the second is systematic.

Channel M(⇤0
b) [MeV/c2]

⇤0
b! J/ pK� 5619.62± 0.04± 0.34

⇤0
b!  (2S)[! µ+µ�]pK� 5619.84± 0.18± 0.19

⇤0
b!  (2S)[! J/ ⇡+⇡�]pK� 5619.38± 0.33± 0.18

⇤0
b! J/ ⇡+⇡�pK� excluding  (2S) 5619.08± 0.30± 0.27

The results from the four decay channels are presented in Table 5. To combine them,
correlations must be taken into account. The statistical uncertainties and those related
to the fit procedure are treated as uncorrelated while those due to the momentum scale
and energy loss correction are considered to be fully correlated. The combined value of
the ⇤0

b mass is
M(⇤0

b) = 5619.65± 0.17± 0.17MeV/c2 , (10)

where the first uncertainty is statistical and the second systematic. The �2/ndf calculated
for the individual measurements with respect to the combined value is 3.0/3. This is the
most precise measurement of any b-hadron mass reported to date.

Previous direct measurements of the ⇤0
b mass by LHCb were made using the de-

cay ⇤0
b ! J/ ⇤0 [22, 44] and are statistically independent of the results of this study.

The combination obtained here is consistent with, and more precise than, the results of
these earlier studies. The LHCb results are combined, taking the statistical uncertainties
and those related to the fit procedure to be uncorrelated and those due to the energy
loss correction to be fully correlated. The uncertainty due to the momentum scale in
Ref. [22] is also taken to be fully correlated, whereas in Ref. [44] a di↵erent alignment and
calibration procedure was used and so the corresponding uncertainty is considered to be
uncorrelated with the other measurements. The result of the combination is dominated by
the measurements of this analysis and is

M(⇤0
b) = 5619.65± 0.16± 0.14MeV/c2 , (11)

where the uncertainties are statistical and systematic. The �2/ndf calculated for the
individual measurements with respect to the combined value is 3.4/5. The measured
mass is in agreement with, but more precise than, the results of the ATLAS [46] and
CDF [4] collaborations.

From the value of the ⇤0
b mass in Eq. 11 and a precise measurement of the mass

di↵erence between the ⇤0
b and B0 hadrons reported in Ref. [6], the mass of the B0 meson

is calculated to be
M(B0) = 5279.93± 0.39MeV/c2 , (12)

11

JH
EP

 0
5 

(2
01

6)
 1

32
 



24 

Ω-
b mass and lifetime 

63 +/- 9 Ω-
b è Ωc

0 π- candidates observed in Run 1 data   

Make relative measurement of lifetime/mass difference using the mode  
Ξb
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0π- as normalization  
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Ω-
b mass and lifetime 

Systematic uncertainties on acceptance cancel in ratio between signal 
and normalization mass are measured to be

m⌦�
b

�m⌅�
b

= 247.3± 3.2± 0.5MeV/c2,

m⌦�
b

= 6045.1± 3.2± 0.5± 0.6MeV/c2,

where the uncertainties are statistical, systematic, and from knowledge of the ⌅�
b

mass [12]
(m⌦�

b

only). The measured ⌦�
b

mass is consistent with previous measurements from LHCb,
6046.0± 2.2± 0.5MeV/c2 [18], and CDF, 6047.5± 3.8± 0.6MeV/c2 [19], but inconsistent
with the value of 6165±10±13MeV/c2 obtained by the D0 experiment [20]. An average of
the two LHCb measurements yields m⌦�

b

= 6045.7±1.9MeV/c2, where the momentum scale
uncertainty is taken as 100% correlated, and the rest of the uncertainties are uncorrelated.

The lifetime ratio and absolute lifetime of the ⌦�
b

baryon are also measured to be

⌧⌦�
b

⌧⌅�
b

= 1.11± 0.16± 0.03,

⌧⌦�
b

= 1.78± 0.26± 0.05± 0.06 ps,

using ⌧⌅�
b

= 1.599± 0.041± 0.022 ps [12]. The first uncertainty in each case is statistical.
The second uncertainty on ⌧⌦�

b

/⌧⌅�
b

is the total systematic uncertainty, as given in Table 2.
For ⌧⌦�

b

, the second uncertainty is from all sources in Table 2 except the ⌅�
b

lifetime,
and the third uncertainty stems from the uncertainty in the ⌅�

b

lifetime. The lifetime
is consistent with the previous measurements of ⌧⌦�

b

= 1.54+0.26

�0.21

± 0.05 ps [10] and
⌧⌦�

b

= 1.66+0.53

�0.40

ps [19] by the LHCb and CDF collaborations, respectively. The average of
the LHCb measurements, assuming no correlation among the uncertainties, yields an ⌦�

b

lifetime of 1.66+0.19

�0.18

ps. These measurements improve our knowledge of the mass and the
lifetime of the ⌦�

b

baryon. Due to the similarity of the signal and calibration modes, this
pair of decay modes is very promising for future studies of the ⌦�

b

baryon.
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 Summary + Outlook 
LHCb has made wide range of measurements of quarkonia and b-hadrons 

•  Comprehensive set of results related to quarkonia production 

•  Detailed studies of Bc
+ meson and b-baryons 

 
A lot more to come exploiting Run 1 and large Run 2 dataset being collected 
now: 
 
•  Complete quarkonia program 

•  Further studies of b-baryon properties 

•  More Bc
+ decay modes 
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pp collision Point 
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J/ψ selection 
Trigger selection 

Offline 

Muon identification and track quality requirements 

L0: trigger on muon with high pt 
 
HLT1: two muon candidates with high invariant mass and momenta 
 
HLT2: Turbo stream. Mass 300 MeV window around J/ψ candidate from HLT1 
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Λb mass 

Measurements of the ⇤0
b mass5
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Figure 4: Comparison of the measurements of ⇤0
b mass in the ATLAS [17], CDF [18] and

LHCb experiments.
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