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5000
Average number of 

simulation jobs running 
in parallel to trigger on 

the farm.

3
New associate members

1.88fb-1
Delivered luminosity by the LHC

6
New particles discovered, all 

containing at least one charm quark.

1 trillion
Amount of beauty hadrons produced at LHCb this year. 

A factor 1000 more than B-factory experiments

3
Tests of lepton universality.

RK*, RD* and RJ/ψ

60
Publications submitted this year 

Online farm usage and O✏ine production status
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Figure 2: Distribution of the reconstructed invariant mass 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 shaded (light gray) distributions indicate the
feed-down from partially reconstructed ⌦

c

(X)0 resonances.

The likelihood ratios and their PDFs are defined separately for the three data sets at
di↵erent center-of-mass energies due to their di↵erent trigger conditions. The selection
requirements on the likelihood ratios are also chosen separately for the three samples, and
lead to ⌅+

c

purities of approximately 83% in the inclusive ⌅+
c

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

c

candidates passing the likelihood
ratio selection for all three data sets combined, along with the result of a fit with the
functional form described above. The ⌅+

c

signal region contains 1.05⇥ 106 events. Note
that this inclusive ⌅+

c

sample contains not only those produced in the decays of charmed
baryon resonances but also from other sources, including decays of b hadrons and direct
production at the PV.

Each ⌅+
c

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

signal mass region is then combined in turn with each K� candidate in the event. A
vertex fit is used to reconstruct each ⌅+

c

K� combination, with the constraint that it
originates from the PV. The ⌅+

c

K� candidate must have a small vertex fit �2, a high
kaon identification probability, and transverse momentum pT(⌅+

c

K�) > 4.5GeV.
The ⌅+

c

K� invariant mass is computed as

m(⌅+
c

K�) = m([pK�⇡+]
⌅

+
c
K�)�m([pK�⇡+]

⌅

+
c
) +m

⌅

+
c
, (2)

where m
⌅

+
c
= 2467.89+0.34

�0.50 MeV is the world-average ⌅+
c

mass [16] and [pK�⇡+]
⌅

+
c
is

the reconstructed ⌅+
c

! pK�⇡+ candidate.
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Limited time: focus on spectroscopy and 
lepton universality.

+ CP violation as that was 
our initial raison d’être

Outline
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Figure 2: Distribution of the reconstructed invariant mass 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 shaded (light gray) distributions indicate the
feed-down from partially reconstructed ⌦

c

(X)0 resonances.

The likelihood ratios and their PDFs are defined separately for the three data sets at
di↵erent center-of-mass energies due to their di↵erent trigger conditions. The selection
requirements on the likelihood ratios are also chosen separately for the three samples, and
lead to ⌅+

c

purities of approximately 83% in the inclusive ⌅+
c

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

c

candidates passing the likelihood
ratio selection for all three data sets combined, along with the result of a fit with the
functional form described above. The ⌅+

c

signal region contains 1.05⇥ 106 events. Note
that this inclusive ⌅+

c

sample contains not only those produced in the decays of charmed
baryon resonances but also from other sources, including decays of b hadrons and direct
production at the PV.

Each ⌅+
c

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

signal mass region is then combined in turn with each K� candidate in the event. A
vertex fit is used to reconstruct each ⌅+

c

K� combination, with the constraint that it
originates from the PV. The ⌅+

c

K� candidate must have a small vertex fit �2, a high
kaon identification probability, and transverse momentum pT(⌅+

c

K�) > 4.5GeV.
The ⌅+

c

K� invariant mass is computed as
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�0.50 MeV is the world-average ⌅+
c

mass [16] and [pK�⇡+]
⌅

+
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the reconstructed ⌅+
c

! pK�⇡+ candidate.
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• Search for excited Ωc (css) states, only two previously known.

• Observe five new states, a record for 
a single publication?

• Results consistent with heavy quark 
effective theory.

• Four of these now confirmed by Belle. [BELLE-PREPRINT-2017-22]

• Add a kaon (su) to a Ξc baryon (csu)

Phys. Rev. Lett. 118, 182001

Search for Ωc baryons



The Ξcc baryon
• The doubly charmed Ξcc baryon is an elusive particle, where hints of the Ξcc+ 

were previously seen by the SELEX collaboration1 but never confirmed.

5

[1]: Phys. Rev. Lett. 89 (2002) 112001, Phys. Lett. B628 (2005) 18
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Figure 3: Invariant mass distribution of ⇤+
c

K�⇡+⇡+ candidates with fit projections overlaid.

is applied to the fitted value in data. To validate this procedure, the ⇤+
c

mass in an
inclusive sample is measured and corrected in the same way; after the correction, the ⇤+

c

mass is found to agree with the known value [5]. The bias on the ⌅++
cc

mass depends on the
unknown ⌅++

cc

lifetime, introducing a further source of uncertainty on the correction. This
is estimated by repeating the procedure for other ⌅++

cc

lifetime hypotheses between 200
and 700 fs. The largest deviation in the correction, 0.06MeV/c2, is taken as an additional
systematic uncertainty. Final-state photon radiation also causes a bias in the measured
mass, which is determined to be �0.05MeV/c2 with simulation [50]. The uncertainty
on this correction is approximately 0.01MeV/c2 and is neglected. The dependence of
the measurement on the fit model is estimated by varying the shape parameters that
are fixed according to simulation, by using alternative signal and background models,
and by repeating the fits in di↵erent mass ranges. The largest deviation seen in the
mass, 0.07MeV/c2, is assigned as a systematic uncertainty. Finally, since the ⌅++

cc

mass is
measured relative to the ⇤+

c

mass, the uncertainty of 0.14MeV/c2 on the world-average
value of the latter is included. After taking these systematic e↵ects into account and
combining their uncertainties (except that on the ⇤+

c

mass) in quadrature, the ⌅++
cc

mass is measured to be 3621.40± 0.72 (stat)± 0.27 (syst)± 0.14 (⇤+
c

)MeV/c2. The mass
di↵erence between the ⌅++

cc

and ⇤+
c

states is 1334.94± 0.72 (stat)± 0.27 (syst)MeV/c2.
In summary, a highly significant structure is observed in the final state ⇤+

c

K�⇡+⇡+ in
a pp data sample collected by LHCb at

p
s = 13TeV, with a signal yield of 313± 33. The

mass of the structure is measured to be 3621.40±0.72 (stat)±0.27 (syst)±0.14 (⇤+
c

)MeV/c2,
where the last uncertainty is due to the limited knowledge of the ⇤+

c

mass, and its width
is consistent with experimental resolution. The structure is confirmed with consistent
mass in a data set collected by LHCb at

p
s = 8TeV. The signal candidates have

significant decay lengths, and the signal remains highly significant after a minimum
lifetime requirement of approximately five times the expected decay-time resolution is

5

Look for doubly-charged Ξcc+ + by adding 
two pions and a kaon to a Λc+ baryon. 

 
Phys. Rev. Lett. 119, 112001 (2017)

First doubly heavy 
quark particle ever 
seen:

http://dx.doi.org/10.1103/PhysRevLett.119.112001
http://dx.doi.org/10.1103/PhysRevLett.119.112001


• Beauty quarks decay via the weak force.

6

• The W and Z bosons are over 10 times heavier than the initial decaying 
b-hadron, but still mediate the decay.


• Measuring beauty quark decays can tell us about new high mass 
particles.


• Such particles can change the rate, angular distribution and CP 
violation of beauty decays.

b c

��

�̄�

W�

b s

�+

��

W�

t

�/Z

Figure 1:

1

beauty decayBeta decay

New physics with B decays
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• We live in a matter dominated universe.

• If anti-matter and matter are treated perfectly equally, then nothing 
leftover after the big bang.

• The way out is CP-violation - a difference in the way the fundamental 
forces treat matter and anti-matter.

• But the amount of CP violation in the Standard Model is about 10 orders 
of magnitude too small for baryogenesis.


• We expect to find new sources of CP violation beyond the 
Standard Model.

CP-violation

PHYS. REV. LETT. 108 (2012) 201601 

http://dx.doi.org/10.1103/PhysRevLett.108.201601
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• We look for CPV by testing the unitarity of CKM matrix, and studying 
meson oscillations.

2. Status of �s 11/30

B0
s ! (K+⇡�)(K�⇡+) decays

I Pure penguin decay - b ! sdd̄ transition
I New Physics can be significantly enhanced and entirely di↵erent from B

0
s

! J/ �
and B

0
s

! ��
I Expect similar statistical precision to B

0
s

! ��
I CPV in decay is also possible

B0
s ! K⇤0K⇤0

B̄0
s

K⇤0

K̄⇤0

�dd̄
s =?

LHCb-PAPER-2017-048

Experimentally challenging:

I Low branching fraction (100 times
smaller than B

0
s

! J/ �)

I Purely hadronic final state

I
K

⇤ is fairly wide (several resonant and
non-resonant components)

I Several peaking backgrounds

�cc̄
s 6= �ss̄

s 6= �dd̄
s

Matthew Kenzie CERN LHC Seminar

1. Flavour Physics and CP-violation 6/30

Neutral meson mixing
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b s

B0
s B0

s

W�

u, c, t

W+

u, c, t

s b

b s

I The physical mass eigenstates are admixtures of the weak eigenstates

|B0
s L,Hi = p|B0

s

i ⌥ q|B0
s

i
with mass di↵erence, �m, and width di↵erence, ��.

I If CP is conserved in mixing then
��� p

q

��� = 1

I States evolve with time according to Schrödinger’s equation,
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I SM prediction and experimental value for CP violation in B

0
s

mixing is ⇠ 0 -
[arXiv:1205.1444], [arXiv:1612.07233]

Matthew Kenzie CERN LHC Seminar

5 Conclusion

Observables measured by LHCb using B ! DK decays that have sensitivity at tree-level
to the CKM angle �, along with supplementary information from other experiments, are
combined to determine an improved constraint on �. The e↵ect of D0–D0 mixing on the
decay rate is taken into account where relevant, with consideration of the experimental
decay-time acceptances of the individual measurements. The combination gives a best fit
value of � = 76.8� and the confidence intervals

� 2 [71.1, 81.9]� at 68.3% CL ,

� 2 [64.3, 86.6]� at 95.5% CL .

Taking the best fit value and the 68.3% CL interval, � is found to be

� = (76.8 +5.1
�5.7)

� ,

where the uncertainty includes statistical and systematic contributions. The result for � is
in agreement with the world averages � = (73.2 +6.3

�7.0)
� [28] and � = (68.3± 7.5)� [29], and

the previous LHCb average, � = (72.2+6.8
�7.3)

� [1]. This combination leads to a significantly
smaller uncertainty than the previous combination and replaces it as the most precise
determination of � from a single experiment to date. The reduction in the uncertainty is
mostly driven by the updated B+ ! DK+ GLW observables.

9

Latest gamma combination: First measurement of φsdd from 

+
consistent with CKM unitarity.

Exploit interference between oscillation and decay.

time-dependent fit procedure is repeated for each pseudoexperiment and the systematic416

uncertainty for each of these two e↵ects is computed as the average deviation of the fit417

parameters from their generated values over each ensemble.418

Sources of systematic uncertainty which a↵ect the time resolution calibration are419

studied by checking the validity of the linear assumption, used in Eq. (10), to estimate420

the per-event decay-time resolution. An ensemble of pseudoexperiments is generated421

in which this relation is described using a second-order polynomial function and the422

time-dependent fit procedure is repeated on each using the nominal linear model. The423

resulting mean of the deviation between the fitted and generated values is taken as the424

systematic uncertainty. Additionally, the nominal time-resolution calibration function is425

checked by applying a data/simulation correction factor, obtained from the analysis of426

B

0
s

! J/ � decays performed by LHCb in [41], to account for the e↵ect of resolution427

mismodelling in the simulation. The nominal fit to data is repeated using this correction428

factor and the systematic uncertainty is computed as the deviation of the resulting fit429

parameters from the nominal ones.430

The e↵ect of the resolution on the masses and angles is studied by generating en-431

sembles of pseudoexperiments for which the masses and angles are smeared using a432

multi-dimensional gaussian resolution function, obtained from simulation. The systematic433

uncertainty is computed as the mean deviation between the fitted and generated values.434

8.7 Production asymmetry435

The uncertainty of the production asymmetry for the B0
s

meson is studied by computing the436

maximum di↵erence between the nominal conditions and when the production asymmetry437

is shifted to ±1� of its nominal value.438

9 Fit results439

The PDF, defined in Eq. (11), is used in an unbinned maximum likelihood fit to the440

signal-weighted data. The large computational load associated to the complexity of the441

fit motivates the parallelisation of the process on a Graphics Processing Unit (GPU), for442

which the Ipanema software package [42, 43] was used.443

The one-dimensional projections of the results in the six analysis variables are shown444

in Fig. 7 along with the separate components from the contributing decay modes listed in445

Table 1. The resulting fit values for the common CP observables, �dd

s

and |�|, as well as the446

CP -averaged fractions, f , and polarisation strong-phase di↵erences, �, for each component447

are given in Table 5. The central values are given along with the statistical uncertainties448

obtained from the fit and the systematic uncertainties, which are discussed in Sec. 8.449

These are the first measurements of the CP -violation parameter |�| = 1.035±0.034±0.089,450

and the CP -violating weak phase �dd

s

= �0.10± 0.13± 0.14 rad, in a b ! dds transition.451

Both are consistent with no CP violation and with the small SM predictions.452

In the region of phase space considered, the B

0
s

! K

⇤(892)0K⇤(892)0 vector-vector453

component has a relatively small fraction, of fV V = 0.067±0.004±0.024, mainly due to the454

large scalar K⇡ contributions. Indeed, a relatively large contribution from the scalar-scalar455

double S-wave fraction is determined to be fSS = 0.225±0.010±0.069. The tensor-tensor456

double D-wave fraction is measured to be f

TT = 0.011± 0.003± 0.007. The cross-term457

16

(preliminary)

Results consistent with Standard Model.

[LHCb-CONF-2017-004]

[LHCb-PAPER-2017-048]

Search for new CPV sources

B0
s ! K⇤K⇤
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We want to test this in B decays:

10

In the Standard Model, the three charged leptons, apart their mass, are identical 
copies of each other - a concept known as lepton universality.

= =

Lepton universality
b c

��

�̄�

W�

b s

�+

��

W�

t

�/Z

Figure 1:
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Figure 1:

1

RD(⇤) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)µ⌫)
RK(⇤) =

B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)e+e�)



• In 2014, we measured RK, in 2015, we measured RD*.


• This year, we measured RK*, RD* and RJ/ψ1,2,3.

11

• Deviations in both tree- and loop-level B decays, hints of new physics?


• For tree-level decays, the mass scale ~1.5TeV, interesting for direct searches 
now. For loop-level up to ~50 TeV scale, interesting for future collider.
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[1] JHEP 08 (2017) 055, [2] arXiv:1708.08856 [3], arXiv:1711.05623

Lepton universality violation?

http://dx.doi.org/10.1007/JHEP08(2017)055
http://arxiv.org/abs/1708.08856
http://arxiv.org/abs/1711.05623


• 2017 has been an excellent year for LHCb, with plenty of data and 
exciting results.
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• I could not talk about everything 
we do today: anti-proton 
production in pHe collisions, 
electroweak and heavy ion 
physics to name a few.

• Looking to the future with the 
LS2 upgrade 1 and possibly with 
an LS4 upgrade 2 [EOI].

• For now we hope for ~TeV scale 
NP!

Summary and prospects

https://cds.cern.ch/record/2244311?ln=en

