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1 Introduction

The quark model [1-3] predicts the existence of multiplets of baryon and meson states with
a structure determined by the symmetry properties of the hadron wave functions. Baryons
containing two heavy quarks provide a system for unique tests of phenomenological models
and calculation techniques in quantum chromodynamics (QCD).

The first published result on a doubly charmed baryon =Y (quark content ccd)
with a mass of 3518.7 & 1.7MeV/c? was reported by the SELEX collaboration in the
Ef = AFK-nt and Zf — pDT K~ decay modes [4, 5].! However, subsequent searches
for the = state by the FOCUS [6], BaBar [7], and Belle [8] experiments showed no ev-
idence for the reported doubly charmed baryon. The LHCb collaboration performed a
search for the =7, baryon in Zf — AT K~ 7" decays using a data sample corresponding to
an integrated luminosity of 0.65fb~! [9], followed by a recent search using a data sample
corresponding to 9fb~! of integrated luminosity [10], neither of which yielded any signifi-
cant signal.

In 2017 the LHCb collaboration reported the first observation of the doubly charmed
baryon Zf* (quark content ccu) in the A7 K ~nt 7™ invariant-mass spectrum [11]. Subse-
quently, the =11 baryon was confirmed in the decay mode =1+ — =zt [12], whereas no
significant signal was observed in the Zf*— DTpK 7" decay mode [13]. Recent LHCh
results on the =11 baryon include its production measurement [14]; lifetime measurement,

IThe inclusion of charge-conjugate modes is implied throughout this paper.



0.256 70023 (stat) 4 0.014 (syst) ps [15] consistent with a weak decay; and a precision mass
measurement, 3621.554-0.23 (stat) 0.30 (syst) MeV/c? [16]. Searching for the isospin part-
ner of the already well established =11 baryon and, more generally, studying doubly heavy
baryons are of key importance for completing the baryon spectrum and shedding light on
perturbative and non-perturbative QCD dynamics [17].

Various theoretical calculation techniques, such as lattice QCD [18-20], models using
one light quark and two heavy quarks [21], QCD sum rules [22-26], heavy-quark effective
theory [27], the bag model [28], or the relativistic quark model [29], have been applied to
determine masses of the ground and excited states of the doubly charmed baryons. The
majority of theoretical predlctlons for the masses of the _CJE(JF) ground states are in the
range from Z(%E)) to 3.7GeV/c? [18-47]. The mass splitting between the singly and doubly
+(+

charged =o'’ baryons is predicted to be small, a few MeV/c? [48-50], due to isospin
Symmetry.

Most of the theoretical predictions for the lifetime of the =, state are in the range from
40 to 250fs [21, 30, 35, 51-56] and have large uncertainties. However, a common feature
in most of these theory predictions is that the doubly charged state =T is expected
to have a lifetime around 2-4 times larger than the singly charged state =, due to the
effect of the destructive Pauli interference of the c-quark decay products and the valence
u quark in the initial state. The =, lifetime is further shortened due to the transition

cd— su in the =7 decays, not present in the =1 decays, which only proceed via the
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transition ¢— sud [35, 52-54]. Based on the measured lifetime of the ZF baryon and the
theoretical predictions for the ratio of the =1 and =, baryon hfetlmes, the expectations
for the lifetime of the singly charged state are in the range from 40 to 160 fs. This shorter
lifetime makes searches for the = baryon more challenging.

This paper presents a search for the doubly charmed baryon Z=[ using the
Er— Efa 7t decay mode where the = candidates are reconstructed in the pK ~m™
final state. The dominant diagrams for this decay are shown in figure 1. This decay can
proceed through intermediate resonances, for instance through the =% — ZF(p" — 77 )
or £F — (2.(2645)° — =7 )n" decay chains. Since the final state is identical for the
studied mode and the two resonant modes, all of these decays are included in the search
described in this paper. As the branching fraction predictions are commonly calculated
for two-body decays, the studied =Y — ZFn~ 7" final state has only an indirect predic-
tion via its resonant decay = — Z+p°, which is indicated as one of the most promising
modes to search for the =% baryon, alongside the 5f — AT K7t and £f — Z%7% de-
cays [17, 57, 58]. The analysis is based on pp collision data collected in 201672018, corre-
sponding to an integrated luminosity of 5.4fb~!. In order to avoid experimenter’s bias, the
region of the ZF7~ 7" invariant mass from 3.3 to 3.8 GeV/c? was not examined until the
full procedure had been finalised. This range covers both the =7 mass measured by the
SELEX experiment and the mass of the =1 baryon measured by the LHCb experiment,
and most theoretical predictions.

The observed signal yield in the =f — Zf7 7" decay mode is compared to that
observed in the already established =1+ — :+7r+ channel. This enables a measurement

of the ratio of production cross-section times branching fraction between the two channels
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Figure 1. Examples of diagrams for the =, — ZFfnx~ 7" decay.

or setting an upper limit on this quantity. This normalisation mode is chosen to reduce
the uncertainty on the ratio of reconstruction and selection efficiencies between the two
decays. The production cross-sections of the Zf and =1 baryons are expected to be the
same [59].

The paper is organised as follows. Section 2 describes the LHCb detector and sim-
ulation, followed by section 3 describing the event selection. Section 4 summarises the
studies of the mass spectrum, the evaluation of the p-values and the combination with the
E1 search in the A7 K~ final state. Section 5 describes the determination of the upper
limit on the production cross-section multiplied by the branching fraction with respect to
the normalisation channel, followed by section 6 with a detailed description of the sys-
tematic uncertainties related to the upper limit evaluation. The results are presented and
summarised in sections 7 and 8.

2 Detector and simulation

The LHCb detector [60, 61] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < 1 < 5, designed for the study of particles containing b or ¢
quarks. The detector includes a high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [62], a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power of about 4 Tm, and three sta-
tions of silicon-strip detectors and straw drift tubes [63] placed downstream of the magnet.
The tracking system provides a measurement of the momentum, p, of charged particles with
a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The
minimum distance of a track to a primary pp collision vertex (PV), the impact parameter
(IP), is measured with a resolution of (15 + 29/pr) um, where pr is the component of the
momentum transverse to the beam axis, in GeV/c. Different types of charged hadrons are
distinguished using information from two ring-imaging Cherenkov detectors [64]. Photons,
electrons and hadrons are identified by a calorimeter system consisting of scintillating-pad
and preshower detectors, an electromagnetic and a hadronic calorimeter [65]. Muons are
identified by a system composed of alternating layers of iron and multiwire proportional
chambers or triple-GEM detectors [66].

The online event selection is performed by a trigger [67], which consists of a hardware
stage, followed by a two-level software stage, which applies a full event reconstruction.
In between the two software stages, an alignment and calibration of the detector is per-



formed in near real-time and their results are used in the trigger [68]. The same alignment
and calibration information is propagated to the offline reconstruction, ensuring consis-
tent and high-quality particle identification (PID) information between the trigger and
offline software. The identical performance of the online and offline reconstruction offers
the opportunity to perform physics analyses directly using candidates reconstructed in the
trigger [67, 69], which is done in this analysis.

The momentum of charged particles is calibrated using samples of J/) — ptpu~ and
Bt — Jhp KT decays collected concurrently with the data sample used for this analysis [70,
71]. The relative accuracy of this procedure is estimated to be 3 x 10~* using samples of
other fully reconstructed b hadrons, and 7" and K2 mesons.

Simulated =f — Zf7 7" decays are used to optimise the signal selection and to
evaluate the efficiencies used for the calculation of the upper limit on the relative production
cross-section times branching fraction of the studied decay £t — ZF 7~ 7t compared to the
normalisation channel =1+ — =T, The pp collisions are generated using PYTHIA [72, 73]
with a specific LHCb configuration [74]. A dedicated generator for doubly heavy baryon
production, GENX1cC2.0 [75], is used to produce the signal candidates. Decays of unstable
particles are described by EVTGEN [76], in which final-state radiation is generated using
PHOTOS [77]. The interaction of the generated particles with the detector, and its response,
are implemented using the GEANT4 toolkit [78, 79] as described in ref. [80]. The =1

and 1T baryons are generated with a mass of 3621.4 MeV/c2. In simulation, the decay
=+

products of the =7, and Z1 1 baryons are distributed uniformly in phase space. The singly
charmed =} decays are distributed according to a resonant model in which 55% of the =
decays proceed via the resonant decay pK*(892)° followed by the decay of the K*(892)°

meson to K7t final state [81].

3 Reconstruction and selection

The event selection is based on four main steps: a trigger selection, an offline selection
based on sequential requirements, a multivariate-analysis (MVA) based selection, and a
=+

removal of multiple candidates. The selection is optimised to efficiently retain the =7

signal candidates and to suppress background from random combinations of tracks and
from candidates built using misidentified particles. The optimisation uses simulated events
to represent the signal candidates, and the combinatorial background is represented by
data with an incorrect combination of charged tracks, the same-sign pions (SSP) Zfn~m—
combinations. The selection of the =1 " — Z 7T candidates used as normalisation channel
is designed to be as similar as possible to the signal channel.

This analysis uses two different trigger selections: the so-called default trigger set,
which is used for the determination of the upper limit and is applied to both the signal
and the normalisation channel in order to reduce the systematic uncertainty on the effi-
ciency ratio between them; and the so-called extended trigger set, which uses more selected
candidates to enhance the probability of observing a significant signal.

The offline candidates can be associated with a hardware trigger decision. The hard-
ware trigger uses information from the muon and calorimeter systems [82]. The events can
be selected by the hardware trigger either independently of the reconstructed signal or by



the decay products of the signal candidate. The former category is used in the default
trigger set, and additional events triggered by the decay products of the singly-charmed
ZF baryon are accepted in the extended trigger set.

In the software trigger stage of the default trigger set, the ZF candidates must be
reconstructed and accepted by a dedicated =F — pK 7T selection, which selects the =1
baryons regardless of whether they are produced in the primary pp interaction or in a
decay at a displaced vertex. All tracks from the =F candidates must have pr larger than
200 MeV/e, a good track quality, and xfp with respect to any PV greater than 6, where
Y3 is defined as the difference in the vertex-fit x? of a given PV reconstructed with and
without the track or particle under consideration. Additionally, at least one of the three
tracks must have pr > 1GeV/c and x$ > 16 and at least two of the tracks must have
pr > 400 MeV/c and X%P > 9. The final state tracks are required to be reliably identified
as proton, kaon or pion. Furthermore, the particles identified as protons must have a
momentum of at least 10 GeV/c. The scalar sum of the pr of the three particles must be
larger than 3 GeV/c. Only the = candidates with a reconstructed invariant mass in the

C

range of 2392-2543 MeV/c?, which corresponds to a +75 MeV/c? window around the known
=+

ZT mass [81], are retained. The = candidates must have a good vertex-fit quality and

C
point back to their associated PV, with the angle between the vector from the PV to the
decay vertex of the = baryon and the momentum vector of the =} baryon reconstructed
from its decay products less than 10 mrad. The associated PV is the one that best fits the
flight direction of the reconstructed candidate. The ZF decay vertex must be displaced
from the associated PV with a distance corresponding to a decay time of at least 0.15 ps.
All candidates are required to pass a MatrixNet classifier [82] within the software trigger,
which has been trained to identify particles with large pr, and a decay vertex with a
significant displacement from any PV. The = candidates are formed offline from the
selected =7 candidates combined with two oppositely charged particles identified as pions
with momenta larger than 2 GeV/c, pp > 200 MeV/c and a good track quality.

The extended trigger set includes in addition to the selection in the default trigger set
two other software trigger selections for a subset of the running periods: one additional
candidates, similar to the default trigger selection; and the selection
=+

of the = candidates using a multivariate algorithm [83, 84] trained to identify the =

selection of the =1,

candidates originating from any baryon decay.

The first stage of the offline selection consists of a set of sequential requirements ap-
plied before the MVA selection. All tracks are required to have momenta between 2 and
150 GeV/c and be in the pseudorapidity range from 1.5 to 5.0. The = candidates must

cc

have a good vertex-fit quality and point back to the associated PV. The reconstructed
masses of the = candidates are required to be in the range of 2450-2488 MeV/c?, which

—c
corresponds to 43 times the mass resolution around its known mass of 2467.93 MeV/c? [81].

The fiducial region is defined in the same way for both signal and normalisation modes:

only the =% and =1 candidates in the rapidity range from 2.0 to 4.5 and a pr from 2.5
to 25 GeV/c are considered.

After the above requirements, the invariant mass of the final state particles originating
from the ZF vertex is recalculated under a different mass hypothesis for the SSP data

in order to reveal misidentified decays. The most common background of this type is



from DT — K~ n 7™ decays where a pion is misidentified as a proton. These misidentified
decays are removed by an explicit veto rejecting all candidates in a mass window of 1850—
1890 MeV/c? around the Dt mass in the K~ 77t invariant-mass spectrum for both the
signal and normalisation modes. The veto removes about 20% of the background with a
signal efficiency of 95%.

A multidimensional weighting procedure is used on simulated events to simultaneously
correct the distributions of the ECJZ(JF) pr, its 1, and the number of tracks in the event,
which are the variables where a disagreement between simulation and data is observed.
The assumed J¥ for the ESZH) states in simulation is 1/2%. The weighting procedure uses
a gradient boost algorithm [85] trained with simulated events and background-subtracted
data [86] for the =f T — ATK - 7nt7t and E5t — ZF7nt decay channels. As the 1 and
Z baryons are isospin partners, they are expected to be produced with similar pr and 7
spectra. Hence the same weighting procedure is applied to the simulation samples for both
the signal and normalisation modes to obtain the correction weights, which are then used
in the MVA training.

In order to further suppress combinatorial background and increase the signal purity,
the second step of the offline selection is an MVA based selection developed using the
TMVA package [87]. The MVA classifier is trained using weighted simulated events as
a signal proxy and SSP combinations within the mass region of 3500-3700 MeV/c? as a
background proxy, using the candidates from the default trigger set for both simulation
and the SSP data. Due to the large size of the SSP data sample, a randomly selected
subset corresponding to 5% of the available data is used in the training.

The variables used in the MVA selection, ordered according to their discriminating
power are: the scalar sum of the pr of the pions originating from the =} candidate; the
x2 per degree of freedom (x?/ndf) from a kinematic fit of the decay chain, with a constraint

on the = mass and a requirement on the = candidate to originate from the associated

C
PV [88]; the ratio of the E1 transverse momentum and the scalar sum of the pr of the
decay products of the = candldate the maximum dlstance of closest approach (DOCA)
between any pairs of the = daughters the x% of the = candidate; the x#p of the =
candidate; the ratio of the = i Y3 and the sum of the x% of the decay products of the =

candidate; the maximum DOCA between any pairs of the = daughters; the =, vertex

C
x2/ndf; the angle between the vector from the PV to the decay vertex of the =7, candidate
candidate reconstructed from its decay products;

the scalar sum of the pr of the decay products of the = candidate; the ratio of the =

and the momentum vector of the =1

momentum to the scalar sum of the momenta of the decay products of the = candidate;
the vertex X2 /ndf of the =¥, candidate; the x? of the flight distance of the =, candidate;
and the x? of the flight distance of the = candidate.

The MVA selection is performed using a multilayer perceptron classifier [89] and the
requirement on its output variable is optimised using the figure of merit introduced in
ref. [90], with a target significance of five sigma. A Kolmogorov-Smirnov test is applied on
the distributions of the output variables from the training and testing samples to verify
that the classifier does not show signs of overtraining. The signal efficiency of the MVA
selection with respect to the selection applied before the MVA requirement is about 18%

with a background rejection of about 99.9%.
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Two types of multiple =, candidates are removed after the MVA selection. First,
multiple candidates for which at least one track is a clone of another track from the same
candidate are removed by requiring the opening angle between any pair of tracks to be
larger than 0.5 mrad. Multiple candidates which have the same set of tracks combined
differently, e.g. a 77 from the = decay swapped with the 7% from the = decay, are
removed. The fraction of the first (second) type of the multiple candidates is around 3.2%
(1.2%). Only one randomly chosen candidate per event is retained.

An additional requirement on the =7~ invariant mass is imposed after the full selec-
tion is applied, in order to separately evaluate the statistical significance of the decays that
proceed through the =.(2645)° resonance. Only the candidates where the =7~ invariant
mass falls in the window of 2635-2660 MeV/c?, corresponding to twice the mass resolution
around the mass of the Z.(2645)° resonance [81], are considered in this selection. This gives
an additional suppression of the combinatorial background, which increases the sensitivity

to this resonant decay mode.

4 Mass distributions and signal significance

The uncertainty on the mass of the =} candidate is reduced by measuring the difference
in mass between the = and = candidates. The measured mass of the =7 baryon is

given by
m(Zirte) = m((Eirt e ] o) — mpK ] 2e) + m(E), (4.1)

where m([Zf 77| 2+ ) and m([pK~7"]+) are the invariant masses of the = and =
candidates, and m(Z) is the known mass of the = baryon [81]. The distribution of
m(EF 7T 7™) after applying the selection and the default trigger set requirements is shown
in figure 2. The Zfn 7~ data are also overlaid for comparison. The local p-value is
determined as a function of the mass in steps of 1 MeV/c?. The p-values are determined
from the test statistics g4, which are based on the ratio of likelihoods of the fit under the
background-only and signal-plus-background hypotheses. The test statistics are defined
similarly to the test statistic gy defined in ref. [91], but contrary to qo the test statistic ¢y is
assigned the value —gg when the fit yields a negative number of signal candidates, in order to
obtain a smooth p-value curve also for downward fluctuations. A minimum p-value of 0.012,
corresponding to a one-sided Gaussian significance of 2.3 standard deviations (o), is found
at a mass of 3617 MeV/c2. The p-value scan as a function of mass for the extended trigger
set is shown in figure 3, for which a minimum p-value of 0.0024 at a mass of 3452 MeV/c?,
corresponding to 2.8 ¢ local significance, is found. A second minimum is found at the same
mass as for the default trigger set, 3617 MeV/c?, corresponding to a p-value of 0.010 and
a local significance of 2.3 0. Since no significant signal is observed, the mass spectrum
shown in figure 2 is used to evaluate the upper limit on the ratio of branching fractions
multiplied by the production cross-section with respect to the Ef+t — (5F — pK 7 )x™
decay as described in section 5. Additionally, the p-value is evaluated when the =~
invariant mass is restricted around the mass of the =.(2645)° resonance, in order to search
for the resonant decay = — (Z.(2645)° — ZF7~)n+. No evidence for this resonant decay

is found.
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Figure 2. Invariant-mass spectrum for the Zfn~ 7" (black points) and the Ef7r~ 7~ (green
squares) final states for the default trigger set. The =7~ 7~ data are normalised to the =fr— 7t
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structed in the =7~ 7" (green dashed curve) and AF K~ 7" (blue dash-dotted curve) modes, or
combining the two modes (black solid curve). The horizontal dotted red lines represent the p-
values corresponding to significances of 1, 2, 3 and 40. The extended trigger set is used for the
Ef — EfrnnT decay and Selection B from ref. [10] is used for the =f — AT K 7" decay. The
systematic uncertainties are not taken into account.

The results from this search are combined with the results from the search for the =,
=+

baryon in the ZF — AT K7t decay mode presented in ref. [10]. This is performed with

—
—

a combined fit to the =X — ZF7~ 7" mass spectrum from the selection with the extended

=+

= — AT K7 mass spectrum presented in ref. [10].> The signal com-

trigger set and the
ponent is modelled with the sum of a Gaussian function and a Crystal Ball function with
power-law tails on both sides [92] with a shared mean for both decay channels. An exponen-

tial function is used to describe the background contribution for the =}

— Efr~ 7t decay
and a second-order Chebyshev polynomial is used to model the background component

for the = — AT K~ 7" decay. The parameters of the signal model are fixed to the values

2The sample used here corresponds to the one referred to as Selection B in the referenced paper.
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obtained from simulation, all fit parameters in the background model vary freely. Figure 4
shows the =f 7~ 7t and AT K~ 7" invariant-mass spectra, simultaneous unbinned extended
maximume-likelihood fit with a common mass and independent signal and background yields
is overlaid. The best-fit mass value is 3623.0 & 1.4 MeV/c?, where the uncertainty is only
statistical, and the signal yield is 223 4 54 for the =} — AT K~ 7" decay and 145 £ 139 for
the Zf — Efn~ 7" decay.

The combined p-values are based on the sum of the test statistics from the two spectra.
Since compatibility with the background-only hypothesis is not unambiguously defined for
fits to more than one data set, two alternative methods are used to evaluate the combined
p-value as cross checks and a good agreement between the methods is found.

The local p-values are calculated as a function of mass for both decay channels in-
dividually and for the combination, and are shown in figure 3. The individual p-values
are evaluated using the asymptotic formula described in ref. [91] since the distribution
of the test statistic g1 follows a x? distribution with one degree of freedom. The com-
bined p-values are calculated from the test statistic in two steps. The p-values above
2.2 x 10~* are determined from their corresponding test statistic distributions based on
50000 background-only pseudoexperiments. The p-values below that value are calculated
using the asymptotic formula, which is well described by a x?-distribution with two degrees
of freedom in that regime. The minimum p-value of 1.2 x 107, corresponding to a signifi-
cance of 4.2 (not including systematic uncertainties), is found at a mass of 3623 MeV/c?.

Since the mass of the = baryon is unknown, the global p-value in the 3500
3700 MeV/c? invariant-mass window is evaluated to account for the look-elsewhere effect.
The global p-value is computed from 40 000 background-only pseudoexperiments, and de-
termining what fraction of them has a maximum test statistic larger than the one observed
in data. The resulting combined global significance is 3.1 ¢ without accounting for system-
atic uncertainties.

Three sources of systematic uncertainties are considered when evaluating the com-
bined p-values. The first arises from the uncertainty on the relative mass scale between



the two mass spectra, which is calculated as the quadratic sum of the uncorrelated sys-

tematic uncertainties. They are the uncertainties on the A7 and = mass and those due

&
to the = mass models, resulting in an uncertainty of 0.52 MeV/c?. The second source of
systematic uncertainty is due to a correction on the difference in mass resolution between
simulation and data, which is estimated to be 1.37 MeV/c? for the ZF — =z~ 7" decay
and 0.70 MeV/c? for the =f — A K7t decay. The last source of uncertainty comes from
the choice of fit model, Wthh is evaluated from 10000 pseudoexperiments and calculating
the difference between the generated yield using an alternative mass model and the fitted
yield using the default mass model. This results in a relative uncertainty in the number of
signal candidates of 3.1% for the =% — Zfr~ 7t decay and 3.3% for the =, — AT K7™
decay. The evaluated combined local and global significances including the systematic

uncertainties are determined to be 4.0 0 and 2.9 o, respectively.

5 Normalisation and single-event sensitivity

The ratio of production cross-section times the branching fraction between the signal and
the normalisation channel is defined as

o(EL) x B(EL— 57 7")  enorm Nsig

R = =
a(_ct+) X B(EfT— EfnT) €sig Nnorm

= OCNsiga (51)

where o(Z) and o(=Z1T) are the production cross-sections of the =, and Z1* baryons,
which are expected to be the same [59], and B represents the corresponding branching
fractions. The number of observed candidates is denoted as Ny, for the signal channel and
Nyorm for the normalisation channel, and the corresponding efficiencies are e4s and enorm.
The factor « on the right side of eq. (5.1) denotes the single-event sensitivity. Since no
significant signal is observed for the studied = — =f7~ 7" decay, the upper limit on R
is evaluated as a function of assumed =7 mass and for lifetime hypotheses of 40, 80, 120
and 160 fs.

There are two main components needed for the evaluation of «, the signal yield in
the normalisation channel Nyom and the ratio of efficiencies enorm/€sig. The invariant-
mass distribution of the = 7™ final state is shown in figure 5, and the signal yield is
determined to be 442+ 56 using an extended unbinned maximum-likelihood fit. The signal
and background mass fit models are the same as for the signal decay = — =Zfr—7t.

The ratio of efficiencies between the signal and normalisation channels is determined
from simulation, where the Z.1* baryon lifetime is set to 256 fs, the =, baryon lifetime is
set to 80fs and both their masses are set to 3621.4 MeV/c?. Since the lifetime and mass of
the Z baryon are unknown, the variation of the efficiency with the lifetime and mass of the
E7F baryon is also considered. There are three different corrections applied to the overall
efficiency ratio: a hardware-trigger correction for possible hardware-trigger mismodelling
in simulation; a correction to account for the difference in the fractions of events that are
selected by different software trigger categories between simulation and data; and finally a
correction due to possible resonant contributions of the p° meson to the 7~ 7+ spectrum.

Moreover, the PID correction, determined in intervals of momentum and pseudorapidity
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Figure 5. Invariant-mass distribution of the =f T — ZFnT candidates in the default trigger set.
The blue solid line represents the total fit, the red dashed line corresponds to the signal component

and the green dotted line to the background component.

Lifetime (fs) o
40 0.0122 £ 0.0018
80 0.0082 £ 0.0012
120 0.0067 £ 0.0010
160 0.0061 £ 0.0009

Table 1. Single-event sensitivity including both statistical and systematic uncertainties evaluated
for different =7 lifetime hypotheses.

from calibration samples, and tracking correction due to a possible mismodelling of tracking
efficiency in the simulation, are evaluated for each individual track. The resulting corrected
efficiency ratio is determined to be 3.63 £ 0.29 where the uncertainty is dominated by the
total relative systematic uncertainty of 7.9%, which is described in detail in section 6.
The single-event sensitivity « at the lifetime hypothesis of 80 fs, including statistical and
systematic uncertainties, is evaluated to be 0.008240.0012. Given the unknown lifetime of
the £ baryon, the candidates are weighted to different lifetime hypotheses. The variation
of a with the lifetime, including statistical and systematic uncertainties, is summarised in
table 1. To determine the variation of the efficiency ratio with the =1 mass, five mass
hypotheses are considered in addition to its default mass: 3471, 3521, 3571, 3671 and
3771 MeV/c?. A linear approximation describes the relation well and is used to determine

—
—

the efficiency ratio as a function of the assumed =} mass.

C

6 Systematic uncertainties for the upper limits

The systematic uncertainties on the ratio of efficiencies are summarised in table 2. All
systematic uncertainties on the efficiency ratio are considered to be uncorrelated. Summing
them in quadrature gives a total relative systematic uncertainty of 7.9%. In addition,
the systematic uncertainty on the measured signal yield of the normalisation channel is
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Category Uncertainty on
Enorm/Esig (0)

Tracking 2.7

PID 0.3

Hardware trigger 2.1

Simulation correction 1.7

E1T lifetime 6.8

EF — =FpY contribution 1.1

Limited simulation sample 1.0

Combined 7.9

Table 2. Systematic uncertainties on the ratio of efficiencies for the upper limit determination.

evaluated to be 2.2% and the systematic uncertainty on the measured background yield
for the Zf — =ZF7~ 7" decay is found to be 1.3%.

The systematic uncertainty associated with the tracking efficiency comes from the
additional pion track in the signal mode that is not present in the normalisation mode,
which does not cancel out in the efficiency ratio. It consists of an uncertainty on the
7 meson reconstruction efficiency due to the modelling of hadronic interactions with the
detector material [93], an uncertainty from the correction method itself, and the limited
size of the samples used to derive the efficiency correction. All these uncertainties are
added in quadrature and the total uncertainty of the tracking efficiency is 2.7%.

The systematic uncertainty associated with the PID efficiency correction is evaluated
by changing the binning scheme in the variables used for this correction, consistently for
both signal and normalisation modes. The largest difference in the overall efficiency ra-
tios between different binning schemes was found to be 0.3%, which is taken as the PID
uncertainty.

The hardware-trigger decisions for the signal and normalisation modes are based on
information in the event that is independent of their decay products, but there may be a
correlation between this information and the kinematic properties of the doubly charmed
baryons. The =7 and £ baryons are expected to be produced with identical momentum
spectra as they are isospin partners so the hardware trigger efficiencies are assumed to
be equal for the signal and normalisation modes. However, a difference in kinematics is
introduced by the selection, which is corrected for and a systematic uncertainty is evaluated
for this correction. The correction is determined by comparing the ratio of the hardware
trigger efficiencies in simulation before and after the selection is applied. Half of the
correction, 0.9%, is assigned as a systematic uncertainty. The hardware-trigger efficiency
=+

=1 lifetime and a 1.8% systematic uncertainty is assigned to

ratio also depends on the
account for the unknown lifetime.

A systematic uncertainty is associated with the imperfect description of the selection
variable distributions in simulation and the procedure that is used to correct them. It
is evaluated from the difference in efficiency between the three-dimensional weighting in
pT, n and number of tracks distributions used in the analysis, and the product of three

one-dimensional weightings of the individual variables, resulting in an uncertainty of 1.7%.
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The uncertainty on the measured =11 lifetime translates into an uncertainty on the
efficiency ratio, which is evaluated by weighting the decay-time distribution in simulation
to correspond to lifetimes varied by +1 ¢ around its measured value. The largest variation
in the efficiency ratio is 6.8%, which is assigned as a systematic uncertainty.

Since it is possible that the resonant decay =1 — ZF(p" — 7~ 7 ") gives a significant
contribution to the final state, the effect of its presence is evaluated as a systematic un-

+ invariant-mass spectrum is weighted in simulation to match the p°

certainty. The 7~ 7
lineshape, corresponding to the extreme case in which 100% of the companion pions would
come from the p® resonance, and the corresponding efficiency ratio is calculated. A cor-
rection for this potential contribution is applied by averaging the efficiency ratio with zero
and 100% resonant contribution. Half of this correction, 1.1%, is assigned as systematic
uncertainty.

The uncertainty on the measured signal yield of the normalisation channel is deter-
mined by considering alternative models for the signal and background shapes. A double-
Gaussian function is considered as an alternative model for the signal component and a first
order Chebyshev polynomial function is considered as an alternative model for the back-
ground shape. Pseudoexperiments are generated with the alternative models and fitted
with the nominal model and the difference in yields is taken as a systematic uncertainty.
The difference is found to be 9.7 when changing the signal model and 0.3 when changing
the background model. The normalisation channel yield is thus Nporm = 442457 including
statistical and systematic uncertainties added in quadrature.

The upper limit determination is also impacted by the background modelling. This
uncertainty is estimated to be 1.3% as the maximum relative difference between the gen-
erated and fitted yields across all mass windows, where the generated yields are obtained
from pseudoexperiments assuming the alternative background model.

7 Upper limits

The upper limits on R in eq. (5.1) are determined using the CLs method [94] by using
pseudoexperiments. The observed number of signal candidates (nqps), and the expected
number of candidates under the background-only (np) and signal-plus-background (ng)
hypotheses are evaluated in a mass window corresponding to twice the =} mass resolution
of 8.9 MeV/c?. The single-event sensitivity « is used to relate ng, and R.

The uncertainty on the single-event sensitivity « is included by sampling values from
a Gaussian distribution centred at the value of o with a standard deviation equal to the
total uncertainty on «. The systematic uncertainty on the background yield is taken
into account by sampling from a Gaussian distribution centred at the number of expected
background candidates with a standard deviation corresponding to 1.3% of the observed
background yield. The sampled value is used as the mean of the Poisson distribution used to
determine ny,. The effects on the upper limit from the uncertainty on the mass resolution are
considered by evaluating nqps, np, and ng, in mass windows of different widths. The widths
are determined by varying the mass resolution within its uncertainty, which is determined
to be +1.37 MeV/c? based on the difference in mass resolution between simulation and data
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Figure 6. Upper limits on R as a function of the assumed =, mass for four different lifetime (7)
hypotheses at 95% CL.

for the normalisation mode. The study showed that the larger mass window gives a 13%
larger upper limit, and is used for the evaluation of the upper limit on R.

The CLs curve is determined from 3 x 10° pseudoexperiments for each hypothetical
value of R and each mass with 2MeV/c? steps in the 3400-3800 MeV/c? mass window
repeated for four lifetime hypotheses. The derived CLs curves are used to determine the
upper limits on R at 90 and 95% confidence levels (CL). Figure 6 shows the upper limit
on R as a function of mass for the four different lifetime hypotheses at 95% CL.

8 Conclusion

The first search for the =, baryon in the =7~ 7" final state is presented and no significant
signal is observed. The data used in this search were collected in 2016-2018, corresponding
to 5.4fb~1 of integrated luminosity. A minimum p-value of 0.0108 (0.0024) at a mass of
3617 (3452) MeV/c? corresponding to 2.3 0 (2.8 ¢) local significance is found for the default
(extended) trigger set in the invariant-mass range of 3400-3800 MeV/c?.

A combined fit with the =f — AT K~ 7" decay mode is performed and the evaluated
significances with systematic uncertainties included are 4.0 o for the local and 2.9 ¢ for the
global significance. The fitted mass at the minimum p-value is 3623.0 + 1.4 MeV/c?, where
the uncertainty is only statistical, for the simultaneous fit to the two spectra, consistent
with the mass of the isospin partner Z1T.

Upper limits on R, the relative production cross-section times branching fraction of
the = — =ZF7~ 7" decay compared to the normalisation channel =1+ — ZF7t are de-

+

termined as a function of assumed =, masses in the 3400-3800 MeV/c? mass range for four

C
different lifetime hypotheses. For the mid-range lifetime hypothesis of the = baryon of
80 fs, the upper limit on R varies between 2 and 5 at 95% CL. For the mass with the min-
imum p-value in the combined fit, 3623 MeV/c?, the upper limit on R for the =}, lifetime
of 80 fs is found to be 4.7 at 95% CL. Given the intriguing results presented in this paper,
future searches for the Zf baryon in other decay modes using the data already collected
by the LHCb detector are important to clarify the picture. Moreover, a larger data sample
will be recorded in the coming years by the upgraded LHCD detector [95] which will provide

more insight into doubly charmed baryons.
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