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1 Introduction

The constituent quark model [1-3] predicts the existence of
weakly decaying doubly charmed baryons with spin-parity
JP =1/2*. These include one isospin doublet = (5. = ccd
and 5" = ccu), and one isospin singlet Q.. (QF. = ccs). The
masses of the two =, states are predicted to be in the range
from 3500 to 3700 MeV/c? [4-31], with an isospin splitting of
a few MeV/c? [32-34]. Predictions of the =, lifetime span
the range of 50 to 250 fs, while the =" lifetime is predicted
to be three to four times larger due to the W-exchange contri-
bution in the =, decay and the destructive Pauli interference
in the &% decay [5, 11, 12,23,35-40].

Doubly charmed baryons have been searched for by sev-
eral experiments in the past decades. The SELEX collab-
oration reported the observation of the = baryon decay-
ing into AYK n* and pD*K™ final states [41, 42], using
a 600 GeV/c charged hyperon beam impinging on a fixed
target. The mass of the = baryon, averaged over the
two decay modes, was found to be (3518.7 + 1.7) MeV/c?.
The lifetime was measured to be less than 33fs at 90%
confidence level. It was estimated that about 20% of A}
baryons in the SELEX experiment were produced from
E*. decays [41]. Searches in different production environ-
ments by the FOCUS [43], BABAR [44], LHCb [45] and
Belle [46] experiments did not confirm the SELEX results.
Recently, the &' baryon was observed by the LHCDb ex-
periment in the AT K 7n*n" final state [47], and confirmed
in the Zf7* final state [48]. The weighted average of the
E** mass of the two decay modes was determined to be
(3621.24 + 0.65 (stat) + 0.31 (syst)) MeV/c? [48], which is
about 100 MeV/c? higher than the mass of the =, baryon re-
ported by SELEX. The lifetime of the =" baryon was mea-
sured to be (0.256 *0924 (stat)+0.014 (syst)) ps [49], which es-

-0.022
tablished its weakly decaying nature. The £} — D*pK rn*

decay has been searched for by the LHCb collaboration with
a data sample corresponding to an integrated luminosity of
1.7fb~", but no signal was found [50].

This paper presents the result of a search for the =, baryon
in the mass range from 3400 to 3800 MeV/c?, where the K
baryon is reconstructed through the &% — AYK 7%, A7 —
pK~n* decay chain. The inclusion of charge-conjugate de-
cay processes is implied throughout this paper. The data set
comprises pp collision data recorded with the LHCb detector
at centre-of-mass energies /s = 7TeV in 2011, /s = 8 TeV
in 2012 and +/s = 13TeV in 2015-2018, corresponding to
an integrated luminosity of 1.1 b1, 2.1fb and 5.9tb7!, re-
spectively. This data sample is about ten times larger than that
of the previous =7, search by the LHCb collaboration using
only 2011 data [45].

The search was performed with the whole analysis pro-
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cedure defined before inspecting the data in the 3400 to
3800 MeV/c? mass range. The analysis strategy is defined

as follows: first a search for a &%

&7, signal is performed and

the significance of the signal as a function of the &, mass
is evaluated; then if the global significance, after consid-
ering the look-elsewhere effect, is above 3 standard devia-
tions, the =, mass is measured; otherwise, upper limits are
set on the production rates for different centre-of-mass ener-
gies. Two sets of selections, with different multivariate clas-
sifiers and trigger requirements, denoted as Selection A and
Selection B are used in these two cases. Selection A is used
in the signal search and is designed to maximise its sensi-
tivity. Selection B is optimised for setting upper limits on the
ratio of the =}, production rate to that of =" and A/ baryons.
It uses the same selection for A} baryons from =, decays
and prompt A} baryons in order to have better control over
sources of systematic uncertainty on the ratio. For the limit
setting, only the data recorded at /s = 8 TeV in 2012 and at
4/s = 13 TeV in 2016-2018 is used. The 2015 data is excluded
because there were significant variations in trigger thresholds
during this data-taking period, and because this sample only
accounts for 6% of the pp collision data at /s = 13 TeV. The
production ratio, R, is defined as:

oc(E) X BEN - AT K %) 0
o(Af)

RAT) =

relative to the prompt A baryons decaying to pK~ 7", and

RE™) = o(EL) x B(EEL > ATK n*)

Tl T (B X B(ER — ATK-ntt)

2)

relative to the =} — AT K n*n* decay, where o is the pro-

duction cross-section and 8 is the decay branching fraction.
The determination of the ratio R(A}) allows a direct compari-
son with previous experiments, while that of R(Z") provides
information about the ratio of the branching fractions of the
EY > AJK " and £ — ATK n*n* decays assuming that
the members of the isospin doublet have a similar production
cross-section [12,51,52]. The production ratios are evaluated

as:

N
R = 2o E < Ny, 3)

Esig Nnorm

where &, and &,om refer to the selection efficiencies of the
Z? signal decay mode and the A} or £/ normalisation de-
cay modes respectively, Ngjg and Nyom are the corresponding
yields, and « is the single-event sensitivity. Because the =,
selection efficiency depends strongly on the lifetime, limits
on R(A}) and R(E}F) are quoted as functions of the &, sig-
nal mass for a discrete set of lifetime hypotheses.
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2 Detector and simulation

The LHCb detector [53, 54] is a single-arm forward spec-
trometer covering the pseudorapidity range 2 < n < 5, de-
signed for the study of particles containing b or ¢ quarks.
The detector includes a high-precision tracking system con-
sisting of a silicon-strip vertex detector surrounding the pp
interaction region [55], a large-area silicon-strip detector lo-
cated upstream of a dipole magnet with a bending power of
about 4 Tm, and three stations of silicon-strip detectors and
straw drift tubes [56, 57] placed downstream of the magnet.
The tracking system provides a measurement of the momen-
tum, 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 vertex (PV),
the impact parameter (IP), is measured with a resolution of
(15 + 29/pt) um, where pt is the component of the mo-
mentum transverse to the beam, in GeV/c. Different types
of charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [58]. The online event
selection is performed by a trigger [59], which consists of a
hardware stage, based on information from the calorimeter
and muon systems, followed by a software stage, which ap-
plies a full event reconstruction.

Simulated samples are required to develop the event se-
lection and to estimate the efficiency of the detector ac-
ceptance and the imposed selection requirements. Simu-
lated pp collisions are generated using PyTHia [60, 61] with
a specific LHCb configuration [62]. A dedicated genera-
tor, GEnX1cc2.0 [63], is used to simulate the =, baryon
production. Decays of unstable particles are described by
EvrGen [64] in which final-state radiation is generated us-
ing Paotos [65]. The interaction of the generated particles
with the detector, and its response, are implemented using the
GEeanTt4 toolkit [66, 67] as described in ref. [68]. Unless oth-
erwise stated, simulated events are generated with a =, mass
of 3621 MeV/c? and a =, (£}*) lifetime of 80 fs (256 fs).

3 Reconstruction and selection

For the =, signal and each of the normalisation modes, A}
candidates are reconstructed in the pK~ 7™ final state. At least
one of the three A} decay products is required to pass an
inclusive software trigger, which requires that a track with
associated large transverse momentum is inconsistent with
originating from any PV. For data recorded at /s = 13 TeV,
at least one of the three A} decay products is required to
pass a multivariate selection applied at the software trigger
level [69,70]. The x3, is defined as the difference in y* of the
PV fit with and without the particle in question. The PV of
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any single particle is defined to be that with respect to which
the particle has the smallest )(IZP. Candidate A} baryons are
formed from the combination of three tracks of good quality
that do not originate from any PV and have large transverse
momentum. Particle identification (PID) requirements are
imposed on all three tracks to suppress combinatorial back-
ground and misidentified charm-meson decays. The A} can-
didates are also required to have a mass in the range from
2211 to 2362 MeV/c?.

The =}, candidates are reconstructed by combining a A}
candidate with two tracks, identified as K~ and 7+ mesons us-
ing PID information. The kaon and pion tracks are required
to have a large transverse momentum and a good track qual-
ity. To suppress duplicate tracks, the angle between each pair
of the five final-state tracks with the same charge is required
to be larger than 0.5 mrad. The =, candidate is required to
have pr > 4 GeV/c and to originate from a PV. Similar re-
quirements are imposed to reconstruct the Z%*

the & normalisation mode, with an additional charged pion

candidates in

in the final state.

Multivariate classifiers based on the gradient boosted de-
cision tree (BDTG) [71-73] are developed to further improve
the signal purity. To train the classifier, simulated =, events
are used as the signal sample and wrong-sign (WS) AY K~ 7~
combinations selected from the data sample are used as the
background sample. For Selection A, the classifier is trained
using candidates with a A} mass in the window of 2270 to
2306 MeV/c? (corresponding to +3 times the resolution on the
A} mass) and a =, mass in the signal search region. Eigh-
teen input variables that show good discrimination for =, and
intermediate A} candidates between signal and background
samples are used in the training. These variables can be sub-
divided into two sets; in the choice of the first set of variables,
no strong assumptions are made about the source of the A
candidates, while for the second set of variables the proper-
ties of the =7, candidates as the source of the A} candidates
are exploited. The first set of variables are: the y? per degree
of freedom of the A} vertex fit; the pr of the A} candidate
and of its decay products; and the flight-distance y? between
the PV and the decay vertex of the A} candidate. The second
set of variables are: the y? per degree of freedom of the =},
vertex fit and of the kinematic refit [74] of the decay chain
requiring =, to originate from its PV; the largest distance of
closest approach (DOCA) between the decay products of the
Z? candidate; the pr of the candidate, and of the kaon
and pion from the =}, decay; the x of the =, and A can-
didates, and of the K~ and n* mesons from the =, decay;
the angle between the momentum and displacement vector of
the =, candidate; and the flight-distance y? between the PV
and the decay vertex of the &, candidate. For Selection B,
the multivariate selection comprises two stages. In the first

=+
=cc
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stage, one classifier is trained with A} signal in the simu-
lated =7, sample and background candidates in the A} mass
sideband, and is applied to both the signal mode and the A}
normalisation mode. The same input variables are used as for
the first set of variables in Selection A, with four additional
variables that enhance the discriminating power: the largest
DOCA between the decay products of the A] candidate and
the )(IZP of the decay products of the A} candidate. In the sec-
ond stage, another classifier is trained for the signal mode
using candidates in the mass window of the intermediate A7
and the £, signal search region. Candidates used in the train-
ing are also required to pass a BDTG response threshold of
the first classifier. The input variables are those from the sec-
ond set of Selection A with an additional variable, the angle
between the momentum and displacement vector of the A}
candidate.

The thresholds of the BDTG responses for both
Selections A and B are determined by maximising the ex-
pected value of the figure of merit &/ (% + NB) [75], where
¢ is the estimated signal efficiency, 5/2 corresponds to 5 stan-
dard deviations in a Gaussian significance test, and Ng the
expected number of background candidates under the sig-
nal peak. The quantity Np is estimated with the WS con-
trol sample in the mass region of +12.5MeV/c? around the
known Z} mass [76], taking into account the difference of
the background level for the signal sample and the WS con-
trol sample. The performance of the BDTG classifier is tested
and found to be stable against the =, lifetimes in the range
from 40 to 120 fs. Following the same procedure, a two-stage
multivariate selection is developed for the Z* normalisation
mode.

Events that pass the multivariate selection may contain
more than one =, candidate in the search region although the
probability to produce more than one =7, is small. According
to studies of simulated decays and the WS control sample,
multiple candidates in the same event do not form a peaking
background except for one case in which the candidates are
obtained from the same five final-state tracks, but with two
tracks interchanged (e.g. the K~ from the A} decay and the
K~ from the £, decay). In this case, only one candidate is
chosen randomly.

For Selection B, an additional hardware trigger require-
ment is imposed on candidates of both the signal and the nor-
malisation mode to minimise systematic differences in effi-
ciency between the modes. This hardware trigger require-
ment selects candidates in which at least one of the three
A} decay products deposits high transverse energy in the
calorimeters. Finally, & baryon candidates in the signal
mode and A} and = baryons in the normalisation modes are
required to be reconstructed in the fiducial region of rapidity
2.0 < y < 4.5 and transverse momentum 4 < pr < 15 GeV/c.
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4 Yield measurements

Selection A described above is applied to the full data sample.
Figure 1 shows the M([pK~7*]5+) and m(A} K~n*) distribu-
tions in the A} mass range from 2270 to 2306 MeV/c>. The
quantity m(A} K~n*) is defined as:

mA K™ %) =M([pK 7" 14: K %) = M([pK 7% 1a2)
+ Mppg(A;), “)

where M([pK n*],+ K~n*) is the reconstructed mass of the
&%, candidate, M([pK 7*],+) is the reconstructed mass of
the A} candidate, and Mppg(A}) is the known value of the A}
mass [76]. As a comparison, the m(A} K~ n~) distribution of
the WS control sample is also shown in Figure 1(b). The dot-
ted red line indicates the mass of the &, baryon reported by
SELEX [41,42], and the dashed blue line refers to the mass
of the &' baryon [47,48]. The small enhancement below
3500 MeV/c?, compared to the WS sample, is due to partially
reconstructed Z7F decays. There is no excess near a mass of
3520 MeV/c?. A small enhancement is seen near a mass of
3620 MeV/c?. To determine the statistical significance of this
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Figure 1 (Color online) Mass distributions of the (a) intermediate A} and

(b) £ candidates for the full data sample. Selection A is applied, includ-
ing the A7 mass requirement, indicated by the cross-hatched region in plot
(a), of 2270 MeVic? < M(IpK~n*],:) < 2306 MeV/c?. The right-sign (RS)
m(Af K~ n") distribution is shown in plot (b), along with the wrong-sign
(WS) m(A} K~n™) distribution normalised to have the same area. The dotted
red line at 3518.7 MeV/c? indicates the mass of the Z%. baryon reported by
SELEX [42] and the dashed blue line at 3621.2 MeéV/c? indicates the mass of
the isospin partner, the = baryon [48].
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enhancement, an extended unbinned maximume-likelihood fit
is performed to the m(A} K~ n*) distribution. The signal com-
ponent is described with the sum of a Gaussian function and
a modified Gaussian function with power-law tails on both
sides [77].
from simulation except for the common peak position of
the two functions that is allowed to vary freely in the fit.
The background component is described by a second-order
Chebyshev polynomial with all parameters free. A local p-
value is evaluated with the likelihood ratio test for rejection
of the background-only hypothesis assuming a positive sig-
nal [78,79] and is shown in Figure 2. The largest local signif-
icance, corresponding to 3.1 standard deviations (2.7 stan-

The parameters of the signal model are fixed

dard deviations after considering systematic uncertainties),
occurs around 3620 MeV/c?. Taking into account the look-
elsewhere effect in the mass range of 3500 to 3700 MeV/c?
following ref. [80], the global p-value is 4.2 x 1072, corre-
sponding to a significance of 1.7 standard deviations. Since
no excess above 3 standard deviations is observed, upper lim-
its on the production ratios are set using the data recorded at
/s = 8 TeV in 2012 and at /s = 13 TeV in 2016-2018 after
applying Selection B.

To measure the production ratios, it is necessary to deter-
mine the yields of the normalisation modes. The yield deter-
mination procedure of the prompt A} decays is complicated
by the substantial secondary A} contribution from b-hadron
decays, and is done in two steps. First, the total number
of A} candidates is determined with an extended unbinned
maximum-likelihood fit to the M([pK n*],s) distribution.
Then, a fit to the loglo(/\(ﬁ)) distribution is performed to dis-
criminate between prompt and secondary A} candidates. In-
formation from the A} mass fit is used to constrain the total
number of A} candidates. The shapes of the prompt and sec-
ondary loglo()(fp) distributions are described by a Bukin func-
tion [81]. The shape parameters of the prompt and secondary
components are determined from simulation, except for the
mean and the width parameters of the Bukin function, which
are allowed to vary in the fit. The background component
is described by a nonparametric function generated using the
data from the A} mass sideband regions. As an illustration,
the M([pK 7n*]+) and loglo(xfp) distributions of the A nor-
malisation mode candidates in the 2018 data set are shown in
Figure 3. The prompt A7 yields are summarised in Table 1.

o+

To determine the Z'F yield, an extended unbinned
maximum-likelihood fit is performed to the m(A} K n*n*)
distribution, which is defined in a similar way to eq. (4). The
same signal and background parameterisations are used as
for the signal mode. For the data sample recorded at /s =
13 TeV, a simultaneous fit is performed to the m(A; K~ n*n*)
distributions of the candidates in the 2016, 2017 and 2018

data sets with the shared mean and resolution parameter. As
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an illustration, the m(A} K n*n™") distribution for the 2018
data set is shown in Figure 4 along with the associated fit

result. The &' yields are summarised in Table 1.
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Figure 2 (Color online) Local p-value (statistical only) at different =,

mass values evaluated with the likelihood-ratio test, for the data sets recorded
at v/s = 7TeV, /s = 8TeV and /s = 13TeV. Selection A is applied,
including the A} mass requirement of 2270 MeVici2 < M([pK~n*] ) <

2306 MeV)c2.
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Table 1  Signal yields for prompt A} — pK 7t and Z}F — AJK n*n*

c

normalisation modes, split by data-taking period. The integrated luminosity
L is also shown for each data-taking period

Period L™ N(AY) (x10%) N(EH)
2012 2.1 11753 2.5 3810
2016 1.7 7339 + 12 121+ 19
2017 1.7 9883 + 9 153 +22
2018 2.2 11184 + 13 188 + 24
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Figure 4 (Color online) Mass distribution of 5} candidates in the 2018

data set. The result of a fit to the distribution is shown.

5 Efficiency ratio measurement

To set upper limits on the production ratios, the efficiency
ratio &yorm/&sig is determined from simulation. The signal ef-
ficiency is estimated with mass and lifetime hypotheses of
m(E}) = 3621 MeV/c? and 7(Z) = 80fs. The kinematic
distribution of the =, baryon is assumed to be the same as
for its isospin partner =/} and the pr distribution of simu-
lated £, decays is corrected according to the data-simulation
discrepancy observed in the =*F normalisation mode. The
Dalitz distributions of the simulated A} decays are corrected
to match the distribution observed in background-subtracted
data, obtained using the sPlot technique [82]. Corrections
are applied to the tracking efficiency and PID response of
the simulated samples using calibration data samples [83-85].
The efficiency ratio obtained for the A} and Z'*
isation modes and for different data-taking years are sum-
marised in Table 2, where the uncertainties are due to the
limited sizes of the simulated samples. The increase in the
efficiency ratio of the = normalisation mode in 2017-2018

compared to that in 2016 is due to the improvement of the
online event selection following the observation of the &' *

normal-

baryon.

The signal efficiency of the event selection has a strong
dependence on the &, lifetime. To estimate the efficiency
for other lifetime hypotheses, the decay time of the simulated
E* events are weighted to have different exponential distri-
butions and the efficiency is re-calculated. A discrete set of
hypotheses (40, 80, 120, and 160 fs) is motivated by the mea-
sured £ F lifetime of 256 fs [49] and the expectation that the
Z7 lifetime is three to four times smaller than that of the =*
baryon [5,11,12,23,35-40]. Combining the yields of the nor-
malisation modes obtained in the previous section, the values
of the single-event sensitivity of the A} and =} modes for
several lifetime hypotheses are shown in Tables 3 and 4 re-
spectively. The uncertainties on the single-event sensitivities
are due to the limited sizes of the simulated samples and the
statistical uncertainties on the measured yields.
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Table 2  Efficiency ratios between the normalisation and signal modes for
different data-taking periods. The uncertainties are due to the limited size of
the simulated samples

Efficiency ratios 2012 2016 2017 2018
Enorm(AF)/&ig 54+17 220x19 224x13 26.1+1.8
Enom(E5 )65 2107 1.17+011 191+0.11 199 +0.12

Table 3 Single-event sensitivity of the A} normalisation mode a(A})
(x107%) for different lifetime hypotheses of the E%. baryon in the different
data-taking years. The uncertainties are due to the limited sizes of the sim-
ulated samples and the statistical uncertainties on the measured A baryon
yields

Period T =40fs 7=280fs 7 =120fs 7 =160fs
2012 142 +48 46+ 14 2.65+0.77 1.91 +£0.53
2016 0.60 + 0.08 0.29 +0.02 0.20 = 0.01 0.16 + 0.01
2017 0.46 + 0.04 0.23 +0.01 0.15+0.01 0.12 + 0.01
2018 0.52 +0.04 0.23 +0.02 0.15 +0.01 0.11 +0.01

Table 4  Single-event sensitivity of the £/} normalisation mode (=)

(x1072) for different lifetime hypotheses of the =, baryon in the different
data-taking years. The uncertainties are due to the limited size of the sim-
ulated samples and the statistical uncertainty on the measured =% baryon
yield

Period 7 =40fs 7=80fs 7 =120fs 7 =160fs
2012 16.7+7.1 54+22 31+£12 23+038
2016 1.96 £ 0.42 0.96 +0.18 0.65 +0.12 0.52 + 0.09
2017 2.51+0.42 1.25+0.19 0.84 £0.13 0.69 £ 0.11
2018 2.36 +0.34 1.06 = 0.15 0.68 = 0.10 0.52 +0.08

—
=]

The efficiency could depend on the =7, mass, since it af-
fects the kinematic distributions of the decay products of
the &, baryon. To test other mass hypotheses, two simu-
lated samples are generated with m(5%) = 3518.7 MeV/c?
and m(£},) = 3700.0 MeV/c?. The pr distributions of the
three decay products of the =7, in the simulated sample with
m(E%) = 3621.4 MeV/c? are weighted to match those in the
other mass hypotheses, and the efficiency is re-calculated
with the weighted sample. Despite the variations of individ-
ual efficiency components, the total efficiency is found to be
independent of such variations. The mass dependence can
be effectively ignored for the evaluation of the single-event
sensitivities.

6 Systematic uncertainties

The systematic uncertainties on the measured production ra-
tio R are presented in Table 5. The total systematic uncer-
tainty is calculated as the quadratic sum of the individual un-
certainties, assuming all sources to be independent.
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Table 5 Summary of the systematic uncertainties of the production ratio

measurement
Vs = 8TeV Vs = 13TeV
Source
RAD) (%) REL (%) RAD) (%) REL) (%)
Trigger efficiency 11.7 17.7 49 11.2
Yield measurement 5.8 8.9 0.6 0.4
PID efficiency 2.5 4.6 0.9 0.8
Tracking 43 2.6 44 3.1
Total 14.0 20.5 6.7 11.7

The largest systematic uncertainty arises from the evalu-
ation of the efficiency of the hardware-trigger requirement.
The cancellation of the hardware-trigger efficiencies in the
ratio of the signal and the normalisation decay channels is
studied with the A} and A2 control samples, using a tag-and-
probe method [59]. The difference between the efficiency ra-
tio in data and in simulation is assigned as systematic uncer-
tainty.

The systematic uncertainty on the yield determination is
evaluated by varying the choice of the model used to fit the
data. For the %" — A7 K nn* decay, an alternative model
is used where the signal is described by the sum of two Gaus-
sian functions and the background is described by a second-
order polynomial function. For the A}Y — pK~n* normalisa-
tion mode, the yield of the prompt A} is determined by the
fit to the log,(x%) distribution. The uncertainty on the deter-
mined signal yield may arise from signal modelling and the
limited size of the sample in the background region of the A}
invariant mass used to model the background. For the sig-
nal modelling, a bifurcated Gaussian with an exponential tail
is used. The effect of the background is evaluated through
the use of pseudoexperiments. The background population
in each bin of the logw(/\(%})) template is fluctuated randomly,
and the fit procedure is repeated.

The PID efficiency is determined in bins of particle mo-
mentum and pseudorapidity using calibration data samples.
The effect of the limited size of the calibration samples is
studied with a large number of pseudoexperiments and that
of the binning scheme is studied by increasing the number of
bins by a factor of two. The sum in quadrature of these effects
is taken as systematic uncertainty arising from PID efficiency.

The tracking efficiency is corrected with calibration data
samples [83]. There are three sources of systematic uncer-
tainties related to this correction. The first is due to the lim-
ited size of the calibration samples and is estimated with
pseudoexperiments. The second is due to the calibration
method and an uncertainty of 0.8% (0.4%) per track is as-
signed for the 13 TeV (7 TeV) data [83]. The third is due to
the imperfect knowledge of the material budget in the detec-
tor. The above contributions to the systematic uncertainty are
summed in quadrature.
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7 Upper limits

Upper limits at 95% credibility level are set on the produc-
tion ratio R(A}) and R(Z}") at centre-of-mass energies /s =
8 TeV and /s = 13TeV, in the fiducial region of rapidity
2.0 <y < 4.5 and transverse momentum 4 < pr < 15GeV/c.
Upper limits are calculated in 2.5 MeV/c? intervals over the
m(AF K~n*) mass range of 3400 to 3800 MeV/c? for the four
different lifetime hypotheses. For each fixed value of the
Z* mass and lifetime, the likelihood profile L(R) is deter-
mined as a function of R. The likelihood profile for the data
recorded at /s = 13TeV is obtained with a simultaneous
fit to the m(AF K~ n*) distributions using the same fit model
as described in sect. 4. Then the likelihood profile L(R) is
convolved with a Gaussian distribution whose width is equal
to the square root of the quadratic combination of the sta-
tistical and systematic uncertainty on the single-event sensi-
tivity. The upper limit at 95% credibility level is defined as
the value of R at which the integral starting from zero equals
95% of the total area under the curve. Figures 5 and 6 show
the 95% credibility level upper limits at centre-of-mass ener-
gies of /s = 8 TeV and +/s = 13 TeV, respectively.

8 Conclusion

A search for the doubly charmed baryon = is performed

=cc

through its decay to A7 K n*, with the pp collision data

10—

—T T T T T T
T @ ]
é [~ 7=40fs —7=80fs ~7=120fs = 7=160fs ]
X 8 4
o r LHCb
5 I~ 4 r - -1
£ 6 i s=8TeV_]
= F : i
8 - o
E 4 >
s 2F v ]
5 P QWA
3400 3500 3700 3800
m(A;K 7+) (MeV/c?)
T I A B B B |

- (b) . ) -
~ |~ 7=40fs —7=80fs -~ 7=120fs T=160fs |
= 10 LHCb ]
E [ 5=8TeV
£} . ]
= TAY .
5 B \ AN
5 —
a 7
= A
5 /4
w
I J

of i i

oE -
3400 3500 3600
m(AK 7+) (MeV/c?)

Figure 5 (Color online) Upper limits on (a) R(A/) and (b) R(Z}") at 95%
credibility level as a function of m(A}K~n*) at /s = 8 TeV for four =},
lifetime hypotheses.
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Figure 6 (Color online) Upper limits on (a) R(A}) and (b) R(Z}F) at 95%

credibility level as a function of m(A}K~n*) at /s = 13 TeV, for four =,
lifetime hypotheses.

collected by the LHCb experiment at centre-of-mass energies
of 7, 8 and 13 TeV, corresponding to an integrated luminosity
of 9fb™!. No significant signal is observed in the mass range
from 3.4 to 3.8 GeV/c?. Upper limits are set at 95% credibil-
ity level on the ratio of the =7, production cross-section times
the branching fraction to that of the A} and & baryons. The
limits are determined as functions of the mass for dif-
ferent lifetime hypotheses, in the rapidity range from 2.0 to
4.5 and the transverse momentum range from 4 to 15 GeV/c.
The upper limit on the production ratio R(A}) (R(Z}F)) de-
pends strongly on the considered mass and lifetime of the &7,
baryon, varying from 0.45x 1073 (2.0) for 40 fs to 0.12x 1073
(0.5) for 160fs, as summarised in Table 6. The upper lim-
its on R(A}) are improved by one order of magnitude com-
pared to the previous LHCb search [45] and are significantly
below the value reported by SELEX [41], albeit in a differ-
ent production environment. Future searches by the LHCb

=
cc

Table 6 Summary of the largest upper limits on production ratios at 95%
credibility level for four lifetime hypotheses and different centre-of-mass en-
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experiment with further improved trigger conditions, addi-

tional £, decay modes, and larger data samples should sig-

nificantly increase the 5. signal sensitivity.
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