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1 Introduction

The quark model [1-3] predicts the existence of doubly charmed baryons that contain
two charm quarks and a light quark (u, d, s), providing ideal systems to test effective
theories of quantum chromodynamics (QCD). In 2017, the LHCb collaboration reported the
first observation of the doubly charmed baryon =1+ using the decay into the AT K~ 7w 7™
final state, and measured its mass [4].! This observation has been confirmed using the

Ett —» Zfxt decay mode [5], as proposed by ref. [6]. The LHCb collaboration also
measured the E11 lifetime [7] and the production rate [8], and established an upper limit
for the =1t — D*pK 7" decay mode [9]. The =1 mass has been measured [10] using

both the Eft — AT K~ nt7xt and ZfT — ZEfrxt decays
This paper presents the observatlon of the S+t — 57t decay and the measurement
of its branching fraction relative to that of the £+ — u+ T transition,

B(Eit - Ztat)
B(Z&t — Sdnt)’

(1.1)

using proton-proton (pp) collisions collected by the LHCDb experiment at a centre-of-
mass energy of 13 TeV, corresponding to an integrated luminosity of 5.4fb~!. The signal

Sty Sty

=4t - Ztat decay is partially reconstructed, with the photon from the =/

process not reconstructed. The =} baryon is reconstructed with the ZF — pK 7" de-
cay for both the signal and normalisation modes. This measurement can be used to
test various theoretical models, by comparing the measured relative branching fraction to
theoretical predictions. There is a wide spread in these predicted values, due to several
theory assumptions.

IThe inclusion of charge-conjugate processes is implied throughout.
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Figure 1. (Left) external and (right) internal W-emission diagrams of the Z1+ — =0+
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Y

7T decay.

Two topological diagrams contribute to the =1 — st decay amplitude, as shown
in figure 1, corresponding to external and internal W-emission. The contribution of the
internal W-emission can vary. Including the contribution from the internal W-emission,
the relative branching fraction is predicted between 0.81 and 0.83 [11, 12]. Additionally,
including the rescattering mechanism between the final-state hadrons, the predicted relative
branching fraction varies between 0.44 and 0.70 [13]. When the interference between the
external and the internal W-emission contributions for both S- and P-wave amplitudes
are considered, the relative branching fraction is predicted to be considerably enhanced
at 6.74 [14].

The flavour wave-function symmetry can affect the relative branching ratio. The
flavour wave-function of the Zf* and = baryons is antisymmetric, while it is symmetric
for the =,

while Zft — =X is flavour antisymmetric. As predicted by the Korner-Pati-Woo

T state, which implies that the £f T — ZF X transition is flavour symmetric

theorem [15, 16], the internal W-emission amplitude of the Zf* — Z.* X transition is
suppressed due to its flavour antisymmetry. Including the Koérner-Pati-Woo theorem, the
relative branching fraction is predicted to be 4.33 [17-19] and 4.55 [20].

Finally, two models are considered that approximate the internal structure and the
weak-decay of the =1 T state by treating two of the three quarks as a diquark system.
The first model assumes a (cu)c configuration, where the single ¢ quark decays and the
diquark remains a spectator, leading to a prediction of the relative branching fraction of
0.70 [21]. The second model takes the (cc)u configuration with the diquark system breaking
apart, leading to a (cc)u — ¢(su) transition and a predicted relative branching fraction of
0.56 & 0.18 [22] and 0.30 4 0.24 [22, 23].

The rest of this paper is organised as follows. In section 2, a brief introduction to
the LHCD detector and the simulation framework is given. Sections 3 and 4 describe the
event selection and the measurement of the 5+ — =7t branching fraction relative to
the Z5T — =ZFxT decay. The systematic uncertainties related to this measurement are
reported in section 5. Finally, the results are summarized in section 6.

2 Detector and simulation

The LHCD detector [24, 25] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < n < b5, 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, a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-



strip detectors and straw drift tubes 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, the impact parameter, is measured
with a resolution of (15 4+ 29/pr) um, where pr is the component of the momentum
transverse to the beam, in GeV/e. Different types of charged hadrons are distinguished
using information from two ring-imaging Cherenkov detectors. Photons, electrons and
hadrons are identified by a calorimeter system consisting of scintillating-pad and preshower
detectors, an electromagnetic and a hadronic calorimeter. Muons are identified by a system
composed of alternating layers of iron and multiwire proportional chambers.

The online event selection is performed by a trigger [26], which consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by two software
stages, which apply partial and full event reconstructions sequentially. At the first software
stage one or two tracks with a large impact parameter significance and pr is required.
Then an alignment and calibration of the detector is performed in near real-time [27]. This
process allows the reconstruction of =1 decays to be performed entirely in the second
stage of the software trigger [28], whose output is used as input to the present analysis.

Simulation samples are used to model the effects of the detector acceptance and to
estimate the efficiencies of the selection requirements. In the simulation, pp collisions are
generated using PyTHIA 8 [29, 30] with a specific LHCb configuration [31]. A dedicated
generator GENX1CC2.0 [32] is used for the =1 production. Decays of unstable particles are
described by EVTGEN [33], in which final-state radiation is generated using PHOTOS [34].
The interaction of the generated particles with the detector, and its response, are im-
plemented using the GEANT4 toolkit [35]. Fast simulated samples generated with the
AMPGEN [36, 37] and RAPIDSIM [38] toolkits are also used to study the signal distribution
with different amplitude hypotheses and to estimate various background decays that may
appear in the data, such as =1t — =.(2645/2790)" 7" decays. Simulated events are

—cc

generated with a =1 mass of 3621 MeV/c? [10] and a lifetime of 256 fs [7].

—cc

3 Event selection

=(

The reconstruction and event selection of the ECJE+ — = )+7r+ decays are the same as in the
previous =1+t LHCD analysis [10] except for the trigger requirements. Two positively and
one negatively charged tracks, corresponding to the final-state particles of the £ — pK 7™

candidate, are required to form a good quality vertex. An additional, positively charged

track is combined with the =71 candidate to form a =+t — E(g )t

= = candidate with a

second good quality vertex. The two vertices and all tracks are required to be detached from
any primary pp collision vertex. Particle identification (PID) is required on the four tracks.

A multilayer perceptron (MLP) algorithm from the TmVA toolkit [39, 40] is used to improve
=+

+ =t ot
o = T events as

the signal purity. The MLP algorithm is trained using simulated

signal proxy and wrong-sign =7~ combinations in data as background proxy. Variables

associated with the 11 candidates and their decay products are used in the training. The

threshold applied to the MLP response is determined by maximising the signal significance



S/\/S + B, where S and B are the expected yields of signal and background in the signal
region of the E1+ — ZF 7™ decay, respectively. This MLP working point also works well
for the =L+ — =t decay.

Compared with the previous analysis [10], the data samples are further split into two
disjoint subsamples using information from the hardware trigger. In this way the hardware
trigger efficiencies for these two subsamples are well defined. The first contains candidates
that are triggered by at least one of the =1 decay products with high transverse energy
deposited in the calorimeters, and is referred to as triggered on signal (TOS). The second
consists of events that are exclusively triggered by particles unrelated to the signal decay
products; these events can be triggered, for example, by the decay products of charmed
hadrons produced together with the signal baryon, and are referred to as exclusively

triggered independently of signal (TIS).

4 Relative branching fraction measurement

To measure the branching fraction of the signal decay relative to that of the normalisation
channel, both the relative signal yields and efficiencies must be determined, as defined below,

X —= (4.1)

B(Zft — :’+7r+) N_i e+
— —c

B(E&T — =Ednt) N+ ey

—c

where N_¢); is the signal yield of the Zft — =% 7+ decay, and €_(+ is the total
efficiency for each decay. The relative signal yield is determined by ﬁgting the Zfnt
invariant-mass spectrum in the data, and the relative efficiency is determined from fully
simulated samples of the signal and normalisation decay modes.

The = 7" invariant-mass spectrum, separated for TOS and TIS samples, are shown
in figure 2. The peaking structure around 3620 MeV/c? is due to the Z1+ — ZFnt decay,
and the box-like enhancement between 3480 and 3560 MeV/c? is due to the H++ — 5 tnt
decay, shifted down and distorted because of the unreconstructed photon.

An unbinned maximume-likelihood fit is performed simultaneously to the invariant-mass
distribution M (=7 %) = m(EF7T) — m(EF) + mo(Z). Here, m(ZS7T) and m(E}) are
the reconstructed invariant masses of the :;Z* and ~C+ candidates, and mo(=) is the
known = mass [41].

Four components are considered in the fit model, separately for the TOS and TIS
categories. The Zf T — =F7rt decay is described by a Crystal Ball (CB) function [42],
defined as
T—T

e 202 for =% > —q

flzla,n,z,0) = 2 ) o (4.2)
(@) e ¥ (2-a-=0)" forzi< o,

where Z is the mean mass and is shared between the TOS and TIS samples and o is the
mass resolution and is varied independently in the two subsamples. The parameters « and
n describe the tail caused by the final-state radiation, and are parameterised as a function
of the mass resolution as done in ref. [10]. The 51T — 577" decay is described by a
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Figure 2. Invariant-mass distribution of the =1t candidates from the (left) TOS and (right) TIS
samples, with the results of the fit overlaid. The Zf* — = t7+ component is shown as a purple
dashed line, the =57 — ZF7T component as a red dotted hne the Zt+ — Zf 779 component as

a yellow dashed line and the combinatorial component as a green dashed hne.

Category =it — Ztpt =it o =it N_y[Nzy
TOS 262 + 53 159 £+ 32 1.64 £0.39
TIS 494 + 63 379 £+ 32 1.30 £ 0.18

Table 1. Yields of the signal and normalisation decay modes, and the relative yields.

limited linear function describing the true mass distribution of the signal convoluted with
the Gaussian mass resolution o. The limited linear function is defined as

L —Tmin _ k—1

2 for Tymin <z < x
f ($|k7mmin7$max) = {Oxmaxfﬂmin 2 min X X 4max (43)

other,
where the lower and upper boundaries (Zin, max) of the function are fixed by the allowed
kinematic range, while the slope k is determined from simulation. The distribution of the

=rrta0 is taken from simulation, where the

partially reconstructed background Z1T — =
relative yield between this component and the _++ — EF 7T decay in the TOS sample is
fixed according to that in the TIS sample and the relatlve efficiencies between these two
decays in the simulated TIS and TOS samples. The combinatorial background in each
sample is described by an exponential function, with their slopes allowed to vary freely
in the fit.

The invariant-mass distribution of the =1 candidates together with the fit results
for the two trigger categories are shown in figure 2. The signal and normalisation yields
determined from the fit, along with the relative yields, are listed in table 1, where the
quoted uncertainties are statistical only. The statistical significance of the S+t — =tz
decay is 9.6 standard deviations, obtained by applying a likelihood ratio test to fits Wlth
and without the signal component.

Fully simulated samples of the signal and the normalisation modes are used to evaluate

the relative efficiencies. For both modes, the kinematic distributions in simulation, including



Source TOS [%] TIS [%)]

Signal model 4.9 0.8
normalisation model 3.7 3.8
Combinatorial background 0.6 3.1
Partially reconstructed background 3.7 1.5
Mass window 11.0 3.9
Simulated sample size 4.5 3.6
Lifetime and kinematic corrections 0.5 1.8
Hardware trigger 0.0 1.6
Particle identification 0.5 0.7
Sum in quadrature 13.9 7.9

Table 2. Relative systematic uncertainties on the branching fraction ratio %.
the =11 transverse momentum and event multiplicity, are weighted to match those in data,
separately for the TOS and TIS categories. The background-subtracted distributions in
the data are determined with the sPlot method [43], using M (= 7") as discriminating
variable in the region between 3570 and 3680 MeV/c?, where only the =5t — ZF#rT decay
and combinatorial background are present. The fit model for these components is the same
as described previously. The relative efficiencies are determined to be 1.105 + 0.050 and

1.029 4+ 0.037 for TOS and TIS samples, respectively, where the uncertainties are statistical.

5 Systematic uncertainties

The relative branching fraction measurement has systematic uncertainties arising from
determinations of the relative signal yields and efficiencies, as summarised in table 2.

Uncertainties from the determination of the relative signal yields are caused by imperfect
modeling of each component in the invariant-mass fit. To estimate such effects, alternative
models are used, replacing the corresponding components discussed in section 4, and the
changes of the relative signal yields are taken as systematic uncertainties. A template from
the fully simulated signal sample is used as an alternative signal, and replaces the limited
linear function convoluted with the resolution function, leading to a systematic uncertainty
of 4.9% (0.8%) for the TOS (TIS) sample. The alternative model for the normalisation
decay mode is a CB function with the tail parameters o and n varied in the fit, leading to
a systematic uncertainty of 3.7% (3.8%). For the combinatorial background, a second-order
polynomial function is used, and a systematic uncertainty of 0.6% (3.1%) is assigned.

To estimate the uncertainties from partially reconstructed background, the following
decay channels are generated and reconstructed with the same final-state particles as the
default, using the fast simulation toolkits [36-38], assuming different angular momentum
hypotheses (S-, P-, D-wave or a mixture if possible), whereas the additional neutral pion(s),
the negatively charged pion and the photon are unreconstructed:

o« Zit = Zfpt, pt — 770, phase-space and different angular momentum hypotheses;



o Zit — ZFatr0 without intermediate states;

o ZiT — 2.(2645) 1T, Z.(2645)7 — ZF70, with different angular momentum hy-
potheses,

o B 5,(2645)07F, 5.(2645)° — St
o Tt o Z.(2790)Tnt, Z,(2790)T — Zt0, Bt = Zfsy;

o ZiT = Z.(2815) T, Z.(2815)F — E£.(2645) 770, =.(2645)T — ZFx0

Including the first two sources, the fits give similar results as the default fit. The
statistical significance of the third and fourth decay modes is less than two standard
deviations. The M (= 7T) distributions of the last two decay modes are outside the mass
window used in this analysis and can be ignored. Including all sources of the partially
reconstructed background, the largest deviation from the default relative signal yields is
taken as a systematic uncertainty of 3.7% (1.5%).

As the signal decay is partially reconstructed, and there is no low-mass sideband to
constrain the background shape in the signal region, uncertainties due to the range of the
chosen invariant-mass window are also evaluated. The M (= 7") upper sideband is primarily
combinatorial background, its shape is well described by the default parameterization,
therefore, only the effects from the low-mass window boundary are considered. The low-
mass window boundary is varied from 3350 to 3450 MeV/c?, and the largest deviation from
the default relative signal yield is taken as a systematic uncertainty, leading to 11.0% (3.9%).
Although this is the largest contribution among all the systematic uncertainties, the relative
branching fraction is still dominated by the statistical uncertainty.

Three sources of systematic uncertainty arising from the determination of the relative
efficiencies are evaluated. First, the uncertainty due to the limited size of the simulated
samples contributes 4.5% (3.6%). The second is due to the =11 lifetime and kinematic
corrections to the simulation. The Z1T lifetime [7] is varied within its uncertainty, and
the resulting change of the relative efficiency is taken as a systematic uncertainty. For the
kinematic corrections, different binning schemes are used to determine the weights, which
are varied by one standard deviation. Thus, the uncertainties from both the weighting
method and the limited size of the background-subtracted data are considered. The relative
uncertainty due to the Z1 T lifetime and kinematic corrections to the simulation, is less
than 1% for the TOS and 1.8% for the TIS samples. There is an additional photon in the
Eit - E;+7r+ decay compared to the normalisation decay, which can pass the photon-
related hardware trigger in the TIS category. By excluding such a contribution, the relative
efficiency of the TIS category changes by 1.6%, which is taken as a systematic uncertainty.
The last contribution arises from uncertainty on the PID efficiency and is studied using
calibration samples [44]. The relative uncertainty is found to be less than 1% for both
the TOS and TIS samples. As the signal and normalisation decay modes have the same
final states and very similar kinematic distributions, other systematic sources, such as the
tracking efficiency, mostly cancel in the ratio and are found to be negligible.



6 Results and summary

Including all systematic uncertainties, the measured relative branching fraction in the
TOS and TIS samples are 1.81 £ 0.43 + 0.25 and 1.34 + 0.19 £ 0.11, respectively, where
the first uncertainty is statistical and the second systematic. The combination of the
two measurements is performed using the best linear unbiased estimator [45-48]. In the
combination, uncertainties arising from the modelling of the signal and normalisation modes,
combinatorial and partially reconstructed background, and PID efficiency are assumed to
be 100% correlated between the TOS and TIS samples, while the remaining uncertainties
are taken to be uncorrelated. The combined result is

B(ztt - 5 tat)

C

=1.41+0.17 £0.10.

In summary, a new decay mode of the doubly charmed baryon it — = txt is
observed in a data sample of pp collisions collected by the LHCb experiment at a centre-of-
mass energy of /s = 13 TeV, corresponding to an integrated luminosity of 5.4fb~!. This is
the third observed decay mode of the £+ baryon following the =1 T — AT K~ 7tn™ [4] and

—cc

—_ —_ . . . —_ —_
Ert — =ZFxt [5] decays. The relative branching fraction between the =5 T — Z 7T and
Ett — EFxT decays is measured for the fist time. The result is not consistent with current

theoretical predictions [11, 12, 14, 17-23], and will provide inputs for future calculations.
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