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Measurements with doubly-charmed hadrons in LHCb
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Abstract. The LHCb experiment has been collecting large amounts of charm
data, making it possible to perform precise measurements and search for rare
particles. In 2017, the LHCb collaboration reported the first observation of
the doubly charmed baryon, the Z%". In 2018, the first measurement of the
&7 lifetime, using the same decay and dataset, was published. This paper
summarizes the content of both analyses, as reported in the 9th International

Workshop on Charm Physics, in Novosibirsk, Russia.

1 Introduction

The quark model predicts the existence of two SU(4) 20-plets of baryons containing u, d, s
and c quarks, one with J© = 1/2* and the other with J” = 3/2*. While baryons from the first
multiplet decay weakly, baryons from the second one decay via strong interactions with very
short lifetime. Each of the 20-plets contain a SU(3) triplet of doubly charmed baryons, the
E+F (ccu), the EY, (ccd) and the QF, (ccs). The doubly charmed baryons have sparked great
interest both from the experimental and theoretical point of view, as a promising environment
to test calculations from the Standard Model (SM) of particle physics. Many predictions
are available in literature regarding the properties of doubly charmed baryons, such as for
their mass [1-13] and lifetime [2, 9, 14-21]. In particular, the mass of the E}. and E}' are
expected to be around the same value, and to fall between 3.5 and 3.7 GeV/c?. On the other
hand, the lifetime of the £} is predicted to be between 0.185 ps and 1.050 ps, and to be
around three times larger than the E, and Q.

The SELEX collaboration has reported the observation of the =}, in two different chan-
nels, B}, —» A7 K 7" [22] and E, — pD*K~ [23]. Searches from FOCUS [24], BaBar [25],
Belle [26] and LHCb [27] were not able to confirm the findings, however. More searches are
needed to resolve this experimental puzzle. Once discovered, measurements of the properties
of such particles are needed in order to establish the nature of their decay, while also provid-
ing an important test to theoretical predictions. An alternative approach, motivated by recent
theoretical calculations [28], is to search for " decays to A} K~ n*7" and Efn*, due to their
significant branching fractions.

This document reports two recent results from the LHCb collaboration. In the first one, a
peak is observed in the A} K~ 7*7* invariant mass spectrum, where the A7 decays to pK~ 7™,
compatible with a weakly decaying Z*" [29]. The second result is the lifetime measurement
of the E/ [30].
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2 The LHCb experiment

The LHCb detector [31, 32] is a single-arm forward spectrometer designed for measuring
decays of particles containing ¢ and b quarks. For hadron spectroscopy studies, such as the
search for the £/}, some detector elements are particularly important: a silicon-strip based
vertex detector [33], located close to the pp collision region, provides excellent vertex re-
construction, essential to separate the collision position from displaced vertices, typical in ¢
and b decays; a high precision tracking system [34], which provides great momentum res-
olution for charged particles; and two-ring-imaging Cherenkov detectors [35], responsible
for discriminating different species of charged hadrons. The magnet polarity is periodically
inverted, allowing for systematic studies and canceling eventual detection asymmetries. A
trigger system composed by two stages performs the event selection during the data acquisi-
tion [36-38]. The first stage is done on a hardware level and is based on the energy deposits
measured in calorimeters and muon stations. The second stage is performed on software level
and depends on the full-event reconstruction with near-real-time alignment and calibration of
the detector.

Both analyses reported in this document use the 2016 dataset from the LHCb experiment.
It consists of a sample of proton-proton collisions with centre-of-mass energy of 13 TeV,
corresponding to an integrated luminosity of approximately 1.7 fb~".

3 Observation of =" — AYK 71"

—cc

The E/F — A K n*x* selection is done in three stages:

e Trigger - selection is performed as the decay is reconstructed;

e Preselection - a set of loose selection criteria is applied focusing in reducing combinatorial
background;

e Multivariate Analysis (MVA) - a multivariate selection based on the multilayer perceptron
algorithm (MLP) [39] is applied to improve the signal-to-background ratio.

The reconstruction is initially performed by combining a proton, a K~ and a 7™ to form
the A} candidate. Afterwards, the A candidate is combined with an extra K=, a 7" and a
n*, forming the EX* candidate. A number of selection criteria is applied in each of these
steps and after the full reconstruction, mostly based on the decay topology, i.e., that the
trajectory of combined particles form a vertex with good fit quality in each step, its kine-
matic variables and the consistency with the corresponding particle identification hypoth-
esis. The A} candidate reconstructed mass mcana(A)) is required to be within the limits
2270 < Meana(Ae) < 2306 MeV/c?, while the ZF reconstructed mass mea(Z;,"), defined as
Meand(BXY) = m(AL K™ 7% 7%) — meana(AY) + mppg(A)), where m(AY K~ n* ") is the combined
A K 7" mass and mppg(A[)s is the A, mass value given in PDG [40], is required to be
within 3300 < meana(E5F) < 3800 MeV/c?.

The MLP selection is trained with centrally produced LHCb Monte Carlo simula-
tion, using the GenXicc package [41, 42] for the EXF baryon production, together with
Pythia [43, 44] (with a specific LHCb configuration), EvtGen [45], PHOTOS [46], and
Geant4 [47, 48], in order to represent our signal events. The background is represented
by a wrong-sign (WS) sample of A} K~7*x~ in the training. Both are required to have passed
all trigger and preselection criteria before the training. The MLP takes into account, again,
a series of kinematical and topological properties of the decays, such as the vertex fit quality
and the quality of kinematical refits done under the hypothesis that the . is originated at
the collision point [49]. The chosen cut value of MLP output is the one which maximizes the
Punzi figure of merit [50].
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After all selection criteria are applied, a visible peaking structure in the mcapa(Z") dis-
tribution can be seen around 3620 MeV/c? as seen in Figure 1. This structure is not present
in the WS sample. The mass peak over the signal region is fitted with a sum of a Gaus-
sian function and a Double-sided Crystal ball function [51]. The background is described
by a second order Chebyshev polynomial. The fit provides an effective mean mass value of
(3621.40 + 0.72(stat.) + 0.31(syst.)) MeV/c?, with a yield of 313 + 33 signal events and a
mass resolution of (6.6 + 1.4) MeV/c?. consistent with the experimental resolution seen in
MC. The obtained mass value is within the range of theoretical predictions, but significantly
different from the SELEX =Y. measurement.

Many systematic studies and crosschecks are performed. The main systematic contribu-
tions to the mass measurement are due to the uncertainty on the PDG A} mass, the momentum
scale calibration and the correction of the selection criteria bias. The observation is cross-
checked, among other tests, with a fully independent dataset, taken by LHCb in 2012, with
8 TeV centre-of-mass energy, corresponding to an integrated luminosity of 2.0 fb~'. Around
113 + 13 events are seen with consistent mass and resolution values.

Given the solid observation of a structure consistent with the Z7F — A K 7"z decay,
it is possible to make further studies, in order to understand the nature of this particle. In
particular, measuring its lifetime is crucial to understand if the particle decays via the weak
or the strong interaction. In the observation analysis, a cross check is performed where the
data is required to have a decay time five times larger than the decay time resolution in LHCb.
Even when making this requirement, the mass peak is still significant, which indicates the
decay has a weak nature, but only a lifetime measurement is able to precisely establish it.
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Figure 1. Invariant mass distribution of Z!¥ — AYK n*n* candidates with the corresponding fit
function.

4 Measurement of the =/ lifetime

The lifetime measurement of the Z}" is performed on the same dataset and decay used for

the observation. Only a couple of additional requirements are added, in order to have better
control over the efficiency. The events are required to be selected on the hardware trigger
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level either by a large energy deposit on the hadronic calorimeter from one of the final state
particles or by any energy deposit from other particles. Additionally, the candidates are
required to have a decay time larger than 0.1 ps, in order to avoid resolution effects, and
smaller than 2.0 ps, after which the signal sample contains almost no entries.

The E/} decay time is measured relative to the A, — Afzn n*n~. Since both decays
present very similar topology, systematic effects due to efficiency and reconstruction are
mostly cancelled when taking the ratio between their decay time distribution. Both are re-
quired to go through the same selection criteria, with the exception of the corresponding mass
windows and PID cuts. The mass distribution is fitted with the same procedure as the one
done in section 3, providing a yield of 304 + 35 events for Z}F and 3397 + 119 events for A,.
Weights are extracted from the mass fit, using the sPlot technique [52], in order to subtract
the background from the decay time distribution. The mass fits can be seen in Fig. 2, while
their corresponding background subtracted decay time distribution is shown in Fig. 3.
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Figure 2. Invariant mass distribution of EY — AK n*n* candidates with the corresponding fit
function for the lifetime measurement.

Centrally produced LHCb Monte Carlo samples, with the same tools as described in 3,
are used to study the efficiencies as a function of decay time. The acceptance is determined
by the ratio between reconstructed and generated decay time distributions of MC samples.
The simulated samples are weighted to better reproduce the data transverse momentum dis-
tribution. The corresponding acceptances are shown in Fig. 4.

A weighted unbinned maximum likelihood fit is performed to determine the =/ life-
time. The Probability Density Function (PDF) used to describe the decay time distribution is
defined as:

e=++(1) t t
Jai (1) = Hp, (1) X ——— X exp (— - ) ey
e, () TA, TE

Where Hp, (?) is the background subtracted A; decay time data distribution, ez:+a,)(?) is
the ZXF (Ap) acceptance as a function of time, 74, = 1.470 + 0.010 ps is the known value
of the A, lifetime and 7z:+ is the 2% lifetime to be determined in the fit. The distribution
Hy, (1), e=:+(¢) and €, (?) are represented by histograms in the PDF, with bin sizes chosen to
minimize the uncertainty due to the limited statistics in each bin. The fit result can be seen in
Fig. 5 and the obtained lifetime value is 7 (E}}) = (0.256 *:057) ps, where uncertainties are
statistical only and take into account the uncertainty due to the limited size of MC samples
(0.007 ps) and of the A, data sample (0.006 ps).

Many sources of systematic uncertainties and crosschecks are performed. The main sys-

tematic contribution is due to resonant contributions in the decay that are not taken into
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Figure 3. Background subtracted decay time distribution for the =’ (red) and A, (blue).
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Figure 4. Decay time acceptances of the =/ (red) and A, (blue). Both MC samples are weighted to
match the transverse momentum distribution seen in data.

account in simulation (0.011 ps). The EfF MC sample distribution is reweighted to match
the most significant resonant contribution and the difference in result is taken as systematic
uncertainty. Other systematic contributions are due to the mass model used in the fit (0.005
ps), the correlation between mass and decay time (0.004 ps), the choice of bin size in the
histograms (0.001 ps), the difference in the response with respect to the multivariate selection
between data and MC (0.004 ps), the impact of different trigger selections on data (0.002 ps),
the EXF lifetime value used in simulation (0.002 ps) and the uncertainty over the A, lifetime

c

(0.001 ps).

https://doi.org/10.1051/epjconf/201920202003
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Figure 5. ' decay distribution and fit result superimposed.

The measurement is checked to be unaffected by decay time resolution effects and by the
multivariate threshold value. Subsets of the data, i.e., splitting the data by opposite LHCb
magnet polarity (up and down), by charge (" and =) and by number of primary vertices,
all provide compatible results. Finally, an alternative method is employed as a cross check,
where a minimum squares binned fit is performed, instead of the unbinned maximum likeli-
hood fit, and, once more, a consistent result is obtained. Considering all systematic results,
the lifetime is measured to be 7 (27") = (0.256 *:07 (stat.) +0.014 (syst.)) ps. The measured
value is within the range of theoretical predictions, and consistent with a weak decay.

5 Conclusions

The studies reported by LHCb collaboration present the observation of a structure in the
AYK m*n* invariant mass spectrum consistent with a weakly decaying EX*. Its mass was
measured to be (3621.40 +0.72(stat.) +0.31(syst.)) MeV /c?, which is within the range of the-
oretical predictions. On the other hand, the obtained mass value is 103+2 MeV/c? away from
the SELEX E} measurement, which would be an atypically large difference for an isospin
doublet. The Z;;* lifetime is measured to be 7 (27) = (0.256 *0.923 (stat.) = 0.014 (syst.)) ps,
also within the range of theoretical predictions and consistent with a weak decay.
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