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LHCb status
• LHC experiment focussed on heavy flavour physics. 

• We do plenty more than this though - remember Mike’s talk [here].
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• Collected ~2.0fb-1 so far in the LHC run II (2015-2016). 

• In run II, calibration/alignment performed online to allow trigger 
objects to be used directly in analysis. 

• Hope to collect another 1.5fb-1 in 2017 - looking forward to the restart!

JINST 3 (2008) S08005

http://indico.cern.ch/event/550030/contributions/2417765/attachments/1430813/2197795/Williams_Aspen17.pdf


Quark flavour physics
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• Quark flavour physics is the study of how different flavours of quarks 
interact.  

Indirectly search for New Physics Study QCD

Two main avenues in this field:

• Always have some QCD uncertainty 
in SM predictions.

• Make auxiliary measurements to 
verify QCD effective theories (HQET).

• And maybe find something exotic!

B physics <—> Higgs physics
Two main ways to find new physics with b-hadrons
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Study the CKM matrix
Arises from Higgs Yukawa interactions

Unitary in the SM, with one CP violating 
phase. 

Find new sources of CPV 

Measure decays of 
ground state b-hadrons

Compare results to SM predictions 
(need QCD input). 

Test unitarity with many measurements.  

Properties influenced by virtual particles 
in NP models

Particularly sensitive to NP models 
preferring third generation.wru anti-matter!?

Both approaches sensitive to extended Higgs sector
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• Precise tests of SM (CKM unitarity). 
• Find new sources of CPV.

• Measure decays of ground-state 
hadrons.

• Compare measurements with SM 
predictions.
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• Study nature of bound states 
(spectroscopy) Phys. Rev. Lett. 115 (2015) 072001
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Measurement of the  
branching fraction and effective 
lifetime.

B0
s ! µ+µ�

Submitted to PRL last 
week: arXiv:1703.05747

Measurement of the Bs0 and 
Ds0 lifetimes.

LHCb-PAPER-2017-004: 
Presented for the first 

time at Lake Louise 2017

Observation of 5 narrow ⌦0
c

states.

Submitted to PRL last week: 
arXiv:1703.04639.



B0
(s) ! µ+µ�



The decay  
• One in every billion Bs0 mesons decays into two muons 
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B0
(s) ! µ+µ�

• For example, like this:
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s
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µ+

Or this:

• The two things that make this decay special are: 

• Doubly suppressed (Helicity and GIM) 

• Good theoretical uncertainty (Lattice QCD needed for B meson 
decay constant).

arXiv:1703.05747



• Main challenge is to deal with huge background from random 
combinations of muons from different B decays. 

•                        ~ 10%,                               ~ 10-9.

7

B0
(s) ! µ+µ�analysis in a nutshell    

B(B0
s ! µ+µ�)B(B ! µX)

Signal discrimination: BDT 

� Goal is to differentiate signal events from combinatorial background bb→µµX 
 
 
 
 
 
 
 
 
 

� BDT training, choice of variable and BDT parameters optimization based on 
MC signal and bb→µµX background (new sample equivalent to 7 fb-1) 
 

� 12 variables used (previously 9) based on kinematic and topological 
information 

� chosen to avoid correlation with invariant mass 
 

 
 

Bs2MuMu @ LHCb Justine Serrano 9 

• Train multivariate selection to remove this.

• Dangerous peaking backgrounds from 
B—>hh and B—>µh.

• Normalise signal yield to B+ ! J/ K+

• Fit dimuon mass in bins of the multivariate response.

and                     with the ratio of  
Bs/B+ production fractions.
B0 ! K+⇡�

arXiv:1703.05747



New         
• Update run 1 result (used in LHCb-CMS combination) to include 

2015+2016 data. 

• Significantly improve isolation algorithm (important input to MVA). 

• Improve treatment of peaking backgrounds (look in data for mis-
identified muons).

8

B0
(s) ! µ+µ� measurement      
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Figure 18: Mass distribution of the selected B+ ! J/ K+ candidates in (top) Run 1 and
(bottom) Run 2 data. The result of the fit to determine the normalisation yield is overlaid and
the di↵erent components are detailed: B+ ! J/ K+ (dotted red line), B+ ! J/ ⇡+ (dashed
purple line), and combinatorial background (green dashed-dotted line). Candidates shown in
this plot are triggered almost independently of signal.
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Figure 8: Expected BDT distribution in (top) Run 1 and (bottom) Run 2 data for B0 ! µ+µ�

signal calibrated with B0 ! K+⇡� control channel (black squares) and combinatorial background
from high-mass sidebands (blue circles).
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MVA response

Nature 522, 68-72

arXiv:1703.05747



Dimuon mass fit
• Fit dimuon mass to determine signal yield, accounting for all 

different backgrounds. 

• Yields of peaking backgrounds checked by looking at data 
without muon ID - consistent results.
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• Much less background this time, mainly due to isolation 
improvements.
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New                    results
• Using ratio of signal and normalisation yields and their 

efficiencies from simulation, determine branching fractions.
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B0
(s) ! µ+µ�

• In general results consistent with the SM. 
• Also measure effective lifetime:                                                            , 

not yet enough data to be sensitive to NP.

1 Supplementary material630
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Figure 3: A 2 dimensional representation of the branching fraction measurements for B0
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and B0! µ+µ�. The Standard Model value is shown as the red cross labeled SM. The central
value from the branching fraction measurement is indicated with the black plus sign. The profile
likelihood contours for 1,2,3,... � are shown as blue contours.
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Extended Data Figure 6 | Likelihood contours for the ratios of the branching frac-

tions with respect to their SM prediction, in the SB0

SM versus SB0
s

SM plane. a, The
(black) cross marks the central value returned by the fit. The SM point is shown as the (red)

square located, by construction, at SB

0

SM

= SB

0
s

SM

= 1. Each contour encloses a region approxi-
mately corresponding to the reported confidence level. The SM branching fractions are assumed
uncorrelated to each other, and their uncertainties are accounted for in the likelihood contours.

b, c, Variations of the test statistic �2�lnL for SB

0
s

SM

and SB

0

SM

are shown in b and c, respectively.
The SM is represented by the (red) vertical lines. The dark and light (cyan) areas define the
±1� and ±2� confidence intervals, respectively.
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large number of simulated experiments with properties similar to those found in the248

data. The contamination from B0! µ+µ�, B! h+h0� and semileptonic decays above249

5320MeV/c2 is small and not included in the fit. The e↵ect on the e↵ective lifetime from250

the unequal production rate of B0

s

and B0

s

mesons [41] is negligible. A bias may also arise if251

Aµ

+
µ

�

��

6= ±1, with the consequence that the underlying decay time distribution is the sum252

of two exponential distributions with the lifetimes of the light and heavy mass eigenstates.253

In this case, as the selection e�ciency varies with the decay time, the returned value of254

the lifetime from the fit is not exactly equal to the definition of the e↵ective lifetime even255

if the decay time acceptance function is correctly accounted for. This e↵ect has been256

evaluated for the scenario where there are equal contributions from both eigenstates to257

the decay. The result can also be biased if the decay time distribution of background has258

a much longer mean lifetime than B0

s

! µ+µ� decays; this is mitigated by an upper decay259

time cut of 13.5 ps. Any remaining bias is evaluated using the background decay time260

distribution of the much larger B0! K+⇡� data sample. All of these e↵ects are found to261

be small compared to the statistical uncertainty and sum up to 0.05 ps, with the main262

contributions arising from the fit accuracy and the decay time acceptance (0.03 ps each).263

The mass distribution of the selected B0

s

! µ+µ� candidates is shown in Fig. 2 (top).264

Figure 2 (bottom) shows the background-subtracted B0

s

! µ+µ� decay time distribution265

with the fit function superimposed. The fit results in ⌧ (B0

s

! µ+µ�) = 2.04±0.44±0.05 ps,266

where the first uncertainty is statistical and the second systematic. This measurement is267

consistent with the Aµ

+
µ

�

��

= 1 (�1) hypothesis at the 1.0 (1.4) � level.268

In summary, a search for the rare decays B0

s

! µ+µ� and B0 ! µ+µ� is performed269

in pp collision data corresponding to a total integrated luminosity of 4.4 fb�1. The270

B0

s

! µ+µ� signal is seen with a significance of 7.8 standard deviations and provides the271

first observation of this decay from a single experiment. The time-integrated B0

s

! µ+µ�
272

branching fraction is measured to be
�
3.0± 0.6+0.2

�0.1

�
⇥10�9, the most precise measurement273

of this quantity to date. In addition the first measurement of the B0

s

! µ+µ� e↵ective274

lifetime, ⌧ (B0

s

! µ+µ�) = 2.04±0.44±0.05 ps, is presented. No evidence for a B0 ! µ+µ�
275

signal is found, and the upper limit B(B0 ! µ+µ�) < 3.4⇥ 10�10 at 95% confidence level276

is set. The results are in agreement with the SM predictions and set tighter constraints277

on possible New Physics contributions to these decays.278
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Measurement of the Bs0 

and Ds+ lifetimes



The importance of the Bs
0 lifetime

• When calculating SM observables of heavy flavour decays - common 
approximation: set the heavy quark masses to infinity (HQET). 

• Another assumption: quark-hadron duality - if average over large 
number of states, you can use a quark-level calculation to 
approximate the hadronic. 

• Testing these frameworks of utmost importance - lifetimes of b-
hadrons are excellent place to do this.

12

Old hints for duality violations
• missing charm puzzle, semi-leptonic branching ratio 
     solved by experiment and theory Krinner, AL, Rauh arXiv:1305.5390  

•              lifetime, solved by exp.  

      mostly LHCb, AL arXiv:1305.5390   
•            lifetime, about 2.5  
• Di-muon asymmetry 
       D0 collaboration, about 3 

         still not completely settled: more theory work and experimental values of  
                                                                     needed 

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

⇤b�

B0
s� �

adsl , a
s
sl and ��d

�

HQET predicts that the Bs and B0 
lifetimes should be the same, 
previous results (e.g. [1]) have 
indicated otherwise. 

Plot from A. Lenz

[1] D0 Collab. Phys. Rev. Lett. 114 (2015)  

World average



Recent measurement at LHCb
• Use flavour specific ‘semi-leptonic’ decays                        .
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B0
s ! D(⇤)+

s µ⌫

• Normalise to the well known B0 

lifetime using                       decays. 

• Use the same charm final state of           
.                for both D+  and Ds+. 

• Correct for missing neutrino using 
the k-factor technique.
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Figure 1: (Color online) visible mass distributions for (top panel) reference and (bottom panel)
signal candidates. The inset shows the K+K�⇡�-mass distribution with bars enclosing the D�

(D�
s

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

t > 0.1 ps requirement on the D�
(s)

decay time facilitates the equalization of D�
s

and D�
93

decay-time distributions, needed to ensure a uniform ratio of B0

s

and B0 acceptances,94

with little penalty for signal.95

A total of 4.68 ⇥ 105 signal B0

s

! D�
s

(! K+K�⇡�)µ+⌫
µ

X candidates, 1.40 ⇥96

105 reference B0 ! D�(! K+K�⇡�)µ+⌫
µ

X candidates, and 2.61 ⇥ 106 control97

B0 ! D�(! K+⇡�⇡�)µ+⌫
µ

X decays satisfy the selection. Figure (1) shows the rel-98

evant mass distributions for reference and signal candidates.99

A reliable understanding of the sample composition is essential for unbiased life-100

time results. In addition to the background processes discussed above, many B0

s

de-101

cays contribute inclusively to the signal sample, including decays into D�
s

µ+⌫
µ

, D⇤�
s

(!102

D�
s

X)µ+⌫
µ

, D⇤⇤
(s)

(! D(⇤)�
s

X)µ+⌫
µ

, D�
s

⌧+(! µ+⌫
µ

⌫̄
⌧

)⌫
⌧

, D⇤�
s

(! D�
s

X)⌧+(! µ+⌫
µ

⌫̄
⌧

)⌫
⌧

,103

and D⇤⇤
s

(! D(⇤)�
s

X)⌧+(! µ+⌫
µ

⌫̄
⌧

)⌫
⌧

final states. Here and in the following, the symbol104

D⇤⇤
(s)

identifies collectively higher orbital excitations of D�
(s)

mesons. Similarly, the ref-105

erence sample receives contributions from B0 decays into D�µ+⌫
µ

, D⇤�(! D�X)µ+⌫
µ

,106

D⇤⇤(! D(⇤)�X)µ+⌫
µ

, D�⌧+(! µ+⌫
µ

⌫̄
⌧

)⌫
⌧

, D⇤�(! D�X)⌧+(! µ+⌫
µ

⌫̄
⌧

)⌫
⌧

, and D⇤⇤(!107

D(⇤)�X)⌧+(! µ+⌫
µ

⌫̄
⌧

)⌫
⌧

final states and B+ decays partially reconstructed in D�µ+⌫
µ

X108

final states.109

We restrict the reference (signal) decays solely to the B0

(s)

! D�
(s)

µ+⌫
µ

and B0

(s)

!110

D⇤�
(s)

µ+⌫
µ

channels, which contribute 91% (95%) of the inclusive B0

(s)

! D�
(s)

µ+⌫
µ

X111

reference (signal) yield and feature smaller and better known k factors to approximate the112

observed decay times to their true values. For each of the two signal channels, a di↵erent k-113

factor is needed, and the unbiased determination of each requires that the simulated sample114

mirrors the data composition. Prior to the k-factor determination, we therefore weight115

the composition of the simulated samples according to the results of a least-squares fit to116

the m
corr

distributions in data (Figure (2)). In the B0

s

sample, such global composition117

3

• Fit corrected mass in bins of decay time to determine lifetime ratio.

B0 ! D(⇤)+µ⌫

K+K�⇡+

• Determine time acceptance using simulation.

LHCb-PAPER-2017-004 



Corrected mass fit
• Corrected mass defined as:

14
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Figure 2: (Color online) distributions of corrected mass for (top panel) reference
B0 ! D�(! K+K�⇡�)µ+⌫

µ

X and (bottom panel) signal B0

s

! D�
s

(! K+K�⇡�)µ+⌫
µ

X can-
didates satisfying the selection. Results of the global composition fit are overlaid. In the signal
sample the low- and high-mass backgrounds are independently fit as described in the text, but
merged into a single “physics background” component in the above projection for presentation
purposes.

fit includes two signal components (B0

s

! D�
s

µ+⌫
µ

and B0

s

! D⇤�
s

(! D�
s

X)µ+⌫
µ

); a118

combinatorial component; and two physics backgrounds, low-mass (B0 ! D(⇤)�D(⇤)+
s

,119

B+ ! D
(⇤)0

D(⇤)+
s

, and D⇤⇤(! D(⇤)�
s

X)µ+⌫
µ

) and high-mass (B+ ! D(⇤)�
s

K+µ+X, B0 !120

D(⇤)�
s

K0µ+X, and B0

s

! D�
s

⌧+(! µ+⌫
µ

⌫̄
⌧

)⌫
⌧

X), chosen to group together contributions121

with similar shapes, in decay-time-dependent proportions determined from simulation.122

The shapes of all components are modeled empirically from simulation, except for the123

combinatorial component, which is modeled using same-sign data. Contributions expected124

to be smaller than 0.5% are neglected. The e↵ect of this approximation and of possible125

variations of the relative proportions are evaluated among the systematic uncertainties. A126

simpler composition fit is used for the B0 sample. Signal and combinatorial components127

mirror those of the B0

s

sample; the contributions from B0 ! D⇤�
0,1,2

(! D(⇤)�X)µ+⌫
µ

128

and B+ ! D�µ+⌫
µ

X decays have shapes su�ciently similar to be merged into a single129

physics-background component. The composition fit is validated on the reference and130

control B0 samples, whose compositions are known from other experiments: the largest131

observed discrepancy in individual fractional contributions is 1.3 (2.9) statistical standard132

deviations, with fit p-value 13.4 (5.9)% in the K+K�⇡� (K�⇡+⇡�) sample. In the B0

s

133

signal sample, the fit p-value is 62.1% and the components’ fractions are determined with134

absolute uncertainties of 0.13%–0.91%.135

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

(D), where no k-factor136

corrections are needed since the final state is fully reconstructed. We determine �
�

(D)137

through a least-squares fit of the ratio of signal B0

s

and reference B0 yields as a function138

of the charm-meson decay time: in each of 20 decay-time bins, the combined yields of139

B0

(s)

! D�
(s)

µ+⌫ and B0

(s)

! D⇤�
(s)

µ+⌫ decays are determined with a m
corr

fit similar to140

4

• B0 sample much more separated 
than Bs0 due to soft Ds*+ decay mode.

• Only ground and first excited states of 
charm meson considered as signal.

LHCb-PAPER-2017-004 



Decay time fit
• Correct for acceptance in simulation (almost flat after re-

weighting due to D+/D+s lifetime difference).
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sulting width di↵erences are �
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(D) = 1.0131± 0.0117 (stat)± 0.0065 (syst) ps�1. Their correlation is negligible. Using201

the known values of the B0 [17, 24] and D� lifetimes [17, 25], we determine the flavor-202

specific B0
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lifetime, 1.547± 0.013 (stat)± 0.010 (syst)± 0.004 (⌧B) ps, and the D�
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lifetime,203

0.5064± 0.0030 (stat)± 0.0017 (syst)± 0.0017 (⌧D) ps; the last uncertainties are due to the204

uncertainties on the B0 and D� lifetimes, respectively. The results are consistent with, and205

more precise than, current world’s best values [13–15]. They might o↵er improved insight206
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and sharpen the reach of current and future indirect searches for non-standard-model208
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• No significance difference in decay widths found:

• Also measure the difference in D+/D+s lifetimes:
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• Systematics dominated by: 

• Composition of signal (e.g. knowledge of form factors) 

• Decay time acceptance (production kinematics)

• Cross-check using more 
abundant                        decay 
mode and find consistent 
results.

D+ ! K�⇡+⇡+

LHCb-PAPER-2017-004 
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• Bs0 and Ds+ lifetimes are found to be: 

• These are the world’s most precise. 

• The Bs0 lifetime is in agreement with HQET theory and LHCb’s 
previous measurement with fully reconstructed decays [1], 
but is in tension from results from D0 [2]



Observation of five 
narrow      states ⌦0

c



spectrum 
• Spectroscopy another important way to improve our 

understanding of QCD and test HQET. 

• The        baryon has quark content css and their spectrum is 
almost completely unknown - only two have been found 
previously.
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Figure 4: Mass predictions of the excited ⌦0
c

states [3–9]. The boxes cover the range of predictions
for the masses of each state, and the red dots indicate the measured values. The horizontal lines
correspond to (left) the hadronic thresholds of the possible final states, and (right) the measured
masses of the new ⌦0

c

states. Note that the boxes and red dots are identical in the left and right
figures.

Table 2: Systematic uncertainties in units of MeV on the masses and widths of the new ⌦0
c

states.

Source ⌦
c

(3000)0 ⌦
c

(3050)0 ⌦
c

(3065)0 ⌦
c

(3090)0 ⌦
c

(3119)0 ⌦
c

(3185)0
(m, �) (m, �) (m, �) (m, �) (m, �) (m, �)

Fit bias (0.00, 0.10) (0.03, 0.00) (0.01, 0.00) (0.04, 0.00) (0.00, 0.00) (0.55, 0.00)
Background model (0.03, 0.25) (0.00, 0.05) (0.00, 0.10) (0.00, 0.49) (0.01, 0.21) (1.81, 4.92)
Interference (0.05, 0.09) (0.09, 0.08) (0.27, 0.15) (0.48, 0.49) (0.89, 0.17) (8.19, 6.56)
Feed-down shift (0.13, 0.09) (0.00, 0.02) (0.00, 0.03) (0.00, 0.09) (0.00, 0.03) (0.21, 0.82)
Mass scale at 7–8 TeV (0.01, 0.00) (0.03, 0.00) (0.03, 0.00) (0.04, 0.00) (0.05, 0.00) (0.07, 0.00)
Mass scale at 13 TeV (0.00, 0.00) (0.01, 0.00) (0.01, 0.00) (0.01, 0.00) (0.02, 0.00) (0.02, 0.00)
Data-MC discrepancy (0.00, 0.08) (0.00, 0.01) (0.00, 0.06) (0.00, 0.15) (0.00, 0.02) (0.00, 0.00)
High-mass description (0.00, 0.11) (0.00, 0.00) (0.00, 0.03) (0.10, 0.37) (0.00, 0.30) (9.50, 7.20)
Total (0.14, 0.31) (0.10, 0.10) (0.27, 0.19) (0.48, 0.80) (0.89, 0.40) (12.7, 10.9)
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• Predictions of the masses in 
boxes here are from Refs[1-7]. 

• In the LHCb analysis, look for 
the decay mode                       
using 2011,2012 and 2015 data.

[1] Phys. Lett. B659 (2008) [2] Int. J. Mod. Phys. A23 (2008) 2817 
[4] J. Phys. G34 (2007) 961 [6] Eur. Phys. J. A28 (2006) 

[3] Phys. Rev. D84 (2011) 014025 
[5] Eur. Phys. J. A37 (2008) 217 [7] Chin. Phys. C40 (2016) 123102 
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Selection of       candidates
• First select       candidates. 

• Selection uses a likelihood 
ratio approach. 

• Useful variables include 
vertex quality, flight 
significance and particle ID of 
proton.
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Figure 1: Reconstructed m(pK�⇡+) for all candidates in the inclusive ⌅+
c

sample passing the
likelihood ratio selection described in the text. The solid (red) curve shows the result of the fit,
and the dashed (blue) line indicates the fitted background.

of background-subtracted probability density functions (PDFs) of the kinematic and45

geometric properties of the signal. These distributions are taken from data rather than46

simulation, given the limited understanding of heavy baryon production dynamics and47

the di�culty of modeling them correctly for di↵erent center-of-mass energies.48

For each variable of interest the background PDF is obtained from the corresponding49

distribution in the mass sideband regions, and is also used for the background subtraction.50

The signal PDF is obtained from the normalized, background-subtracted distribution in51

the signal mass region. Variables found to have a good discrimination between signal52

and background are: the vertex fit �2/ndf (where ndf indicates the number of degrees of53

freedom), the ⌅+
c

flight-distance significance and IP, the particle identification probability54

for the proton and the kaon from the ⌅+
c

decay, the IPs of the three individual tracks, the55

⌅+
c

transverse momentum pT with respect to the beam axis, the pseudorapidity ⌘, and56

the angle between the ⌅+
c

momentum and the vector joining the PV and the ⌅+
c

decay57

vertex.58

The PDFs of the 11 variables (x) above are used to form a likelihood ratio, whose59

logarithm is defined as60

L(x) =
11X

i=1

[ln PDFsig(x i

)� ln PDFback(xi

)], (1)

where PDFsig and PDFback are the PDF distributions for signal and background, respec-61

tively. Correlations between the variables are neglected in the likelihood.62

The likelihood ratios and their PDFs are defined separately for the three data sets at63

di↵erent center-of-mass energies because of the di↵erent trigger conditions. The selection64

requirements on the likelihood ratios are also chosen separately for the three samples, and65

lead to ⌅+
c

purities of approximately 83% in the inclusive ⌅+
c

sample.66

2

⌅+
c

⌅+
c

• Fit to looser selection criteria used to determine kinematic/geometric 
properties of the signal (production not so well known). 

• After full selection see 1M signal at around 83% purity.

arXiv:1703.04639



Add a kaon to look for 
• Combine a kaon which has a good PID response and vertex 

quality. 

• Also require pT > 4.5 GeV for      candidate.
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Figure 2: Reconstructed m(⌅+
c

K�) for all candidates passing the likelihood ratio selection;
the solid (red) curve shows the result of the fit, and the dashed (blue) line indicates the fitted
background. The shaded (red) histogram shows the corresponding mass spectrum from the ⌅+

c

sidebands and the (gray) shaded distributions indicate the feed-down from partially reconstructed
⌦

c

(X)0 resonances. Only the mass region below 3300MeV, containing the ⌦
c

(X)0 resonances,
is shown.

Figure 1 shows the pK�⇡+ mass spectrum of ⌅+
c

candidates passing the likelihood67

ratio selection for all three data sets combined, along with the results of a fit with the68

same functional form as described above. The ⌅+
c

signal region contains 1.05⇥ 106 events.69

Note that this inclusive ⌅+
c

sample contains not only those produced in the decays of70

charmed baryon resonances but also from other sources, including decays of b hadrons71

and direct production at the PV.72

Each ⌅+
c

candidate passing the likelihood ratio selection and lying within the ⌅+
c

73

signal mass region is then combined in turn with each K� candidate in the event. A74

vertex fit is used to reconstruct each ⌅+
c

K� combination, with the constraint that it75

originate from the PV. The ⌅+
c

K� candidate must have a small vertex fit �2/ndf, a high76

kaon identification probability, and transverse momentum pT(⌅+
c

K�) > 4.5 GeV.77

The ⌅+
c

K� invariant mass is computed as78

m(⌅+
c

K�) = m([pK�⇡+]
⌅

+
c
K�)�m([pK�⇡+]

⌅

+
c
) + m

⌅

+
c
, (2)

where [pK�⇡+]
⌅

+
c

is the reconstructed ⌅+
c

! pK�⇡+ candidate and79

m
⌅

+
c

= 2467.89+0.34
�0.50 MeV is the world-average ⌅+

c

mass [16]. In this analysis,80

the m(⌅+
c

K�) invariant mass is studied from threshold up to 3450 MeV.81

The ⌅+
c

K� mass distribution for the combined data sets is shown in Fig. 2 where five82

3
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Figure 3: Reconstructed m(⌅+
c

K�) for all candidates passing the likelihood ratio selection,
shown as black points with error bars, and the wrong-sign m(⌅+

c

K+) spectrum scaled by a
factor of 0.95, shown as a solid (red) histogram.

narrow structures are observed. To investigate the origin of these structures, Fig. 2 also83

shows the distribution of m(⌅+
c

K�) in the ⌅+
c

sidebands as a shaded (red) histogram; no84

structure is seen in this background sample. In addition, wrong-sign ⌅+
c

K+ combinations85

are processed in the same way as the right-sign combinations. The resulting wrong-sign86

⌅+
c

K+ mass spectrum is shown in Fig. 3, scaled by a factor of 0.95 so that the two87

spectra approximately match at large invariant mass, along with the right-sign m(⌅+
c

K�)88

spectrum for comparison. No structure is observed in the wrong-sign mass spectrum.89

The absence of corresponding features in the control samples is consistent with the five90

structures being resonant states, henceforth denoted ⌦
c

(X)0 for mass X. It can also be91

seen that the two mass spectra in Fig. 3 exhibit di↵erent behavior close to the ⌅+
c

K�
92

threshold (2960–2970 MeV). The right-sign distribution has a much steeper rise compared93

to the wrong-sign spectrum, suggesting the presence of additional components in the94

⌅+
c

K� mass spectrum.95

Further tests are performed by studying combinations of one of the ⌅+
c

! pK�⇡+
96

daughter tracks with the other kaon used in the reconstruction (i.e. pK�, K�K�, ⇡+K�).97

The resulting two-body invariant mass spectra do not show any structure except for a98

small K⇤0 signal in the ⇡+K� mass, also visible in the ⌅+
c

sidebands, which is attributed99

to background contributions. Another class of potential misreconstruction consists of100

⌅+
c

⇡� combinations in which the ⇡� is misidentified as a kaon. To test for this, the101

selected ⌅+
c

K� sample is investigated with the pion mass hypothesis applied to the light102

hadron. No narrow peaks are observed in this pseudo-⌅+
c

⇡� spectrum, indicating that103

4

• Opposite sign spectrum looks very peaky! 
• No such structure seen in same-sign data. 
• Checked pion hypothesis - no narrow 

structures seen.

arXiv:1703.04639



Fit spectrum

• Parameterise signal peaks with 
relativistic Breit-Wigner functions. 

• Feed-down from other      decay 
modes shown in grey. 

• Background parameterisation 
inspired by same-sign data. 
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Figure 2: Reconstructed m(⌅+
c

K�) for all candidates passing the likelihood ratio selection;
the solid (red) curve shows the result of the fit, and the dashed (blue) line indicates the fitted
background. The shaded (red) histogram shows the corresponding mass spectrum from the ⌅+

c

sidebands and the (gray) shaded distributions indicate the feed-down from partially reconstructed
⌦

c

(X)0 resonances. Only the mass region below 3300MeV, containing the ⌦
c

(X)0 resonances,
is shown.

Figure 1 shows the pK�⇡+ mass spectrum of ⌅+
c

candidates passing the likelihood67

ratio selection for all three data sets combined, along with the results of a fit with the68

same functional form as described above. The ⌅+
c

signal region contains 1.05⇥ 106 events.69

Note that this inclusive ⌅+
c

sample contains not only those produced in the decays of70

charmed baryon resonances but also from other sources, including decays of b hadrons71

and direct production at the PV.72

Each ⌅+
c

candidate passing the likelihood ratio selection and lying within the ⌅+
c

73

signal mass region is then combined in turn with each K� candidate in the event. A74

vertex fit is used to reconstruct each ⌅+
c

K� combination, with the constraint that it75

originate from the PV. The ⌅+
c

K� candidate must have a small vertex fit �2/ndf, a high76

kaon identification probability, and transverse momentum pT(⌅+
c

K�) > 4.5 GeV.77

The ⌅+
c

K� invariant mass is computed as78

m(⌅+
c

K�) = m([pK�⇡+]
⌅

+
c
K�)�m([pK�⇡+]

⌅

+
c
) + m

⌅

+
c
, (2)

where [pK�⇡+]
⌅

+
c

is the reconstructed ⌅+
c

! pK�⇡+ candidate and79

m
⌅

+
c

= 2467.89+0.34
�0.50 MeV is the world-average ⌅+

c

mass [16]. In this analysis,80

the m(⌅+
c

K�) invariant mass is studied from threshold up to 3450 MeV.81

The ⌅+
c

K� mass distribution for the combined data sets is shown in Fig. 2 where five82

3

• Fit data to determine significance and mass/widths of the new states

⌦0
c

• Five states observed with over 10 significance! (record for a single analysis?). 

• Also see a broad structure around 3200 - single or multiple states??

arXiv:1703.04639



Mass results

• Masses seem broadly consistent with predictions. 

• For the widths, see the paper: arXiv:1703.04639. 

• Dramatic increase in experimental knowledge in this area.

22

Supplementary material for LHCb-PAPER-2017-002297

]2
M

as
s [

G
eV

/c

2.6
2.7
2.8
2.9

3
3.1
3.2
3.3
3.4
3.5

K cΞ

K' cΞ

K* cΞ

0 DΞ

π π cΩ
π π* cΩ

π K cΞ

K K cΛ

cΩ
*cΩ

(2S)cΩ
*(2S)cΩ

c0Ω
c1Ω c1Ω c2Ω

c2Ω

(2P)c0Ω (2P)c1Ω

(2P)c1Ω (2P)c2Ω
(2P)c2Ω

(1D)c1Ω (1D)c1Ω (1D)c2Ω
(1D)c2Ω (1D)c3Ω

(1D)c3Ω

L
qqj  
PJ

S
1

+

2
1 

S
1

+

2
3 

P
0

-

2
1

P
1
-

2
1

P
1
-

2
3

P
2

-

2
3

P
2

-

2
5

D
1
+

2
1

D
1
+

2
3

D
2
+

2
3

D
2
+

2
5

D
3
+

2
5

D
3
+

2
7

]2
M

as
s [

G
eV

/c

2.6
2.7
2.8
2.9

3
3.1
3.2
3.3
3.4
3.5

0(3000)cΩ

0(3050)cΩ
0(3065)cΩ
0(3090)cΩ
0(3119)cΩ

cΩ
*cΩ

(2S)cΩ
*(2S)cΩ

c0Ω
c1Ω c1Ω c2Ω

c2Ω

(2P)c0Ω (2P)c1Ω

(2P)c1Ω (2P)c2Ω
(2P)c2Ω

(1D)c1Ω (1D)c1Ω (1D)c2Ω
(1D)c2Ω (1D)c3Ω

(1D)c3Ω

L
qqj  
PJ

S
1

+

2
1 

S
1

+

2
3 

P
0

-

2
1

P
1
-

2
1

P
1
-

2
3

P
2

-

2
3

P
2

-

2
5

D
1
+

2
1

D
1
+

2
3

D
2
+

2
3

D
2
+

2
5

D
3
+

2
5

D
3
+

2
7

Figure 4: Mass predictions of the excited ⌦0
c

states [3–9]. The boxes cover the range of predictions
for the masses of each state, and the red dots indicate the measured values. The horizontal lines
correspond to (left) the hadronic thresholds of the possible final states, and (right) the measured
masses of the new ⌦0

c

states. Note that the boxes and red dots are identical in the left and right
figures.

Table 2: Systematic uncertainties in units of MeV on the masses and widths of the new ⌦0
c

states.

Source ⌦
c

(3000)0 ⌦
c

(3050)0 ⌦
c

(3065)0 ⌦
c

(3090)0 ⌦
c

(3119)0 ⌦
c

(3185)0
(m, �) (m, �) (m, �) (m, �) (m, �) (m, �)

Fit bias (0.00, 0.10) (0.03, 0.00) (0.01, 0.00) (0.04, 0.00) (0.00, 0.00) (0.55, 0.00)
Background model (0.03, 0.25) (0.00, 0.05) (0.00, 0.10) (0.00, 0.49) (0.01, 0.21) (1.81, 4.92)
Interference (0.05, 0.09) (0.09, 0.08) (0.27, 0.15) (0.48, 0.49) (0.89, 0.17) (8.19, 6.56)
Feed-down shift (0.13, 0.09) (0.00, 0.02) (0.00, 0.03) (0.00, 0.09) (0.00, 0.03) (0.21, 0.82)
Mass scale at 7–8 TeV (0.01, 0.00) (0.03, 0.00) (0.03, 0.00) (0.04, 0.00) (0.05, 0.00) (0.07, 0.00)
Mass scale at 13 TeV (0.00, 0.00) (0.01, 0.00) (0.01, 0.00) (0.01, 0.00) (0.02, 0.00) (0.02, 0.00)
Data-MC discrepancy (0.00, 0.08) (0.00, 0.01) (0.00, 0.06) (0.00, 0.15) (0.00, 0.02) (0.00, 0.00)
High-mass description (0.00, 0.11) (0.00, 0.00) (0.00, 0.03) (0.10, 0.37) (0.00, 0.30) (9.50, 7.20)
Total (0.14, 0.31) (0.10, 0.10) (0.27, 0.19) (0.48, 0.80) (0.89, 0.40) (12.7, 10.9)

11

• Systematics include: 
• Alternate background model 
• Vary Blatt-Weisskopf factors. 
• Mass scale/resolution. 
• Possibility of interference. 
• Description of broad structure.
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Summary
• LHCb very pleased with the run II dataset so far. 

• We are now publishing heavy flavour results with it. 

• I just gave a very small and biased taste of what’s come out 
recently. 

• B(s)0—>µµ update [arXiv:1703.05747] 

• Bs0 and Ds+ lifetimes [LHCb-PAPER-2017-004] 

• Observation of five narrow      states [arXiv:1703.05747]. 
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Summary
• I did not talk about the latest CP violation studies, a central theme of heavy 

flavour physics. 

• For example, new result on φs with Bs0—>J/ψK+K- with mKK > mφ. 

• I also did not discuss our anomalies in SL decays - discussed by Zoltan. 

24

CPV with b Hadrons: Why?
• Sources of CPV beyond the Standard Model are needed to explain the 

large matter/antimatter asymmetry observed in the universe.
• Decays of b hadrons are an excellent place to search for new sources 

of CPV, as there is a rich variety of possible decays, some of which 
exhibit considerable CPV even in the SM.

• CPV in hadrons can be classified into three distinct types:

3

(A) CPV in decay: difference in rate for a 
process and its charge conjugate, 
e.g. compare B+ and B- decays.

(B) CPV in mixing: difference in rate 
between e.g. Bs - Bs mixing vs Bs - Bs
mixing.  

(C) CPV in interference between mixing 
and decay: typically gives rise to 
several CPV observables, requiring a 
time-dependent analysis of decay 
rates to disentangle them.

New LHCb Measurement of φs
• The fit to m(J/ΨKK) is used to provide sWeights that are then used in 

a multi-dimensional fit to the decay time, mKK and helicity angles.

7

• For mKK > 1.05 GeV, we measure φs = 0.12±0.11±0.03 rad.  The 
dominant systematics are from resonance modelling and background 
subtraction. Combining this with the previous LHCb measurements 
using Bs J/ΨKK and Bs J/Ψpp yields φs = 0.001±0.037 rad.

Fit projections in cosθJ/Ψ and decay time, for 
mKK > 1.05 GeV

Fit projection in mKK. The S-wave is modelled 
using splines, the rest using Breit-Wigners.

φ(1020)

φ(1680)
f2’(1525)
S-wave

Other f2

• The flavour tagging uses both 
opposite-side (OS) and same-
side Kaon (SSK) taggers. 

LHCb-PAPER-2017-008

φs = 0.12±0.11±0.03
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Figure 4: Two-dimensional likelihood profile for the Wilson coe�cients C9 and C10. The SM
point is indicated by the blue marker. The intervals correspond to �2 probabilities with two
degrees of freedom.

For smaller sources of uncertainty, the fit is repeated with variations of the inputs and the
di↵erence is assigned as a systematic uncertainty. A summary of the remaining systematic
uncertainties can be found in Table 5.

The parameters governing the behaviour of the tails of the resolution function are
particularly correlated with the phases. The systematic uncertainty on the resolution
model is included in the statistical uncertainty by allowing the resolution parameter values
to vary in the fit. If the tail parameters are fixed to their central values, the statistical
uncertainties on the phase measurements decrease by approximately 20%. The choice of
parameterisation for the resolution model is validated using a large sample of simulated
events and no additional uncertainty is assigned for the choice of model. For the branching
fraction measurement, the uncertainty arising from the resolution model is negligible
compared to other sources of systematic uncertainty.

Table 5: Summary of systematic uncertainties. The branching fraction refers to the short-distance
SM contribution. A dash indicates that the uncertainty is negligible.

Source J/ phase  (2S) phase Branching fraction C9,10
Broad components 20mrad 10mrad 1.0% 0.05
Background model 10mrad 10mrad 1.0% 0.05
E�ciency model 3mrad 10mrad 1.0% 0.05
B(B+! J/ K

+) — — 4.2% 0.19
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Figure 3: Fits to the dimuon mass distribution for the four di↵erent phase combinations that
describe the data equally well. The plots show cases where the J/ and  (2S) phases are both
negative (top left); the J/ phase is positive and the  (2S) phase is negative (top right); the
J/ phase is negative and the  (2S) phase is positive (bottom left); and both phases are positive
(bottom right). The component labelled interference refers to the interference between the short-
and long-distance contributions to the decay.

can be obtained by mirroring in the axes. The branching fraction of the short-distance
component provides a good constraint on the sum of |C9|2 and |C10|2 (see Eq. 1). This
gives rise to the annular shape in the likelihood profile in Fig. 4. In addition, there is
a modest ability for the fit to di↵erentiate between C9 and C10 through the interference
of the C9 component with the resonances. The visible interference pattern excludes very
small values of |C9|. Overall, the correlation between C9 and C10 is approximately 90%.
The best-fit point for the Wilson coe�cients (in a given quadrant of the C9 and C10
plane) and the corresponding B

+ ! K

+
µ

+
µ

� branching fraction are the same for the
four combinations of the J/ and  (2S) phases. Including statistical and systematic
uncertainties, the fit results deviate from the SM prediction at the level of 3.0 standard
deviations. The uncertainty is dominated by the precision of the form factors. The best-fit
point prefers a value of |C10| that is smaller than |CSM

10 | and a value of |C9| that is larger
than |CSM

9 |. However, if C10 is fixed to its SM value, the fit prefers |C9| < |CSM
9 |. This

is consistent with the results of global fits to b! s`

+
`

� processes. Given the model
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Recent update on this from 
Eur. Phys. J. C (2017) 77: 161. 

• If you are interested in more, take a look at our public results pages [here].

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html


k-factor technique
• To determine the decay time, need to know flight distance and B 

momentum:                         . 

• At each point of visible mass mDµ, use simulation to relate visible B 
momentum to total B momentum (k-factor).

25

⌧ = mBL/pB

• The k-factor response depends on 
exactly which semileptonic decay you 
are looking at. 

• Therefore, need to determine relative 
amounts of              vs              in data.B ! D B ! D⇤
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Figure 6: (Left panel) distribution of k-factor as a function of visible D
s

µ mass for simulated
signal decays. The corresponding function hki(m

Dµ

) is overlaid in red. (Right panel) distribution
of k-factor for simulated signal and reference decays. The k-factors in the latter distributions
are scaled to their mean value for presentation purposes.

Table 1: Results of the fit to the corrected B0 mass distribution of the
B0 ! D�(! K+K�⇡�)µ+⌫X and B0 ! D�(! K+⇡�⇡�)µ+⌫X samples. Uncertainties on
the branching ratios of the decays are included in the expected fractions. The B0 !
D�⌧+⌫

⌧

X component is shown in parenthesis because it is neglected in the fit to the
B0 ! D�(! K+K�⇡�)µ+⌫X sample. The “prediction” refers to the composition of a sample
simulated using form-factors parametrized following Nucl. Phys. B530, 153 (1998), with nu-
merical values taken from arXiv:1612.07233 (2016), and passed through the analysis selection.
Uncertainties are statistical only.

K+K�⇡� K+⇡�⇡�

Component Fit fraction [%] Prediction [%] Fit fraction [%] Prediction [%]

B0 ! D�µ+⌫ 45.39± 0.67 45.83± 3.04 49.17± 0.53 50.47± 3.05
B0 ! D⇤�µ+⌫ 31.16± 0.92 32.57± 0.99 31.24± 0.93 35.10± 0.96

B0/B+ ! D�µ+⌫X 13.46± 0.47 10.83± 1.90 15.96± 1.22 11.27± 1.90
B0 ! D�⌧+⌫X (�1.1± 0.9) 0.78± 0.22 1.26± 0.77 0.79± 0.21
Combinatorial 9.99± 0.33 – 2.37± 0.07 –

Table 2: Results of the fit to the corrected B0

s

mass distribution. Uncertainties are statistical
only.

Component Fit fraction [%]

B0

s

! D�
s

µ+⌫ 29.20± 0.52
B0

s

! D⇤�
s

µ+⌫ 57.77± 0.91

B0

s

! D(⇤⇤)
(s)

(D
s

)X 3.21± 0.74
B0

s

! D
s

(Kµ⌫)(⌧⌫) 4.00± 0.28
Combinatorial 5.82± 0.13
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