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ABSTRACT: The Ag — DTD™A decay is observed for the first time using proton-proton
collision data collected by the LHCb experiment at a center-of-mass energy of 13 TeV,
corresponding to an integrated luminosity of 5.3fb~!. Using the B® — D+D_Kg decay as a
reference channel, the product of the relative production cross-section and decay branching
fractions is measured to be

SN B(A) = DTD™A)
~ opo B(B°— Dt*D-KY)

=0.179 £ 0.022 £ 0.014,

where the first uncertainty is statistical and the second is systematic. The known branch-
ing fraction of the reference channel, B(B® — DTD~KY), and the cross-section ratio,
TAY /oo, previously measured by LHCb are used to derive the branching fraction of the
A) — DTD™A decay

B(A) - DTD™A) = (1.24£0.15+£0.10 £ 0.28 + 0.11) x 107%,

where the third and fourth contributions are due to uncertainties of B(B® — DTD~KJY)
and TpY /oo, respectively. Inspection of the DA and D™D~ invariant-mass distributions
suggests a rich presence of intermediate resonances in the decay. The A) — D*TD~A decay
is also observed for the first time as a partially reconstructed component in the D™D~ A
invariant mass spectrum.
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1 Introduction

Beauty baryons containing at least one b quark have rich phenomenology, but most of
them have not been fully explored yet. The large sample of beauty baryons produced at
the Large Hadron Collider (LHC) provides an unprecedented opportunity to enrich our
knowledge of beauty baryons and better understand strong and weak interactions. The b — ¢
transition underlies the main decay modes of beauty baryons. From the late 1990s to the
early 2010s, beauty baryon decays involving charmed baryons in the final state were almost
exclusively known and long considered dominant [1-3]. Since 2014, however, decays with a
¢ quark hadronizing into a meson instead of a baryon have been commonly discovered by
the LHCb experiment, with sizable branching fractions as well [4-6]. Among these, b — c¢s
transitions provided the place to observe the first decays into systems made of a baryon
and a charmonium resonance [7-10]. For such final states, a significant contribution due to
intermediate pentaquark states has been established [11-14]. Another class of decays that
originate from b — ¢¢s transitions is the decay of a Ag baryon into a charmed baryon and
an anti-charmed meson [15], which allows a precise measurement of the A9 baryon mass to
be performed due to the limited phase space of the reaction.

This paper presents the first observation of the Ag — DD~ A decay," referred to hereafter
as the signal channel. This decay is of interest as it can proceed via two types of two-body
intermediate states: one involving a charmed baryon and an anti-charm meson, and the
other through charmonium(-like) states. As discussed in ref. [16], a DT D~ bound state can
be produced near the D™D~ mass threshold, and open-charmed pentaquark states with
quark content ¢sudd might be present in the D~ A final state. Figure 1 shows the example
diagrams resulting in these intermediate states that might contribute to the A) — D*D~A

!The inclusion of charge-conjugate modes is always implied.
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Figure 1. Example diagrams resulting in intermediate states that might contribute to the
AY — DT D~ A decay.

decay, which originates from a b — c¢s transition. These include the Z.** baryon decaying
to DT A, the X (3700) state decaying to DT D~ and pentaquark states Pss decaying to D~ A.

There is no previous experimental information about the signal channel Ag — DTD™A.
In the context of three-body B-meson decays, the doubly Cabibbo-suppressed decay
BY — DYK*7n~, for example, has a branching fraction on the order of 1076 [17], the
color-suppressed decay B — DTD~K is around 10~* [18], and the Cabibbo-allowed de-
cay BY — D*(2010)~ 77 is at the 1072 level [19]. Therefore, it can be expected that the
branching fraction of Ag — DTD™A, also a color-suppressed decay, could be comparable
to these orders of magnitude.

This analysis is performed using proton-proton (pp) collision data collected by the LHCb
experiment from 2016 to 2018 at a center-of-mass energy of 13 TeV, corresponding to an
integrated luminosity of 5.3fb~1. The branching fraction B of the AY — DTD~ A decay is
determined by taking the B° — D+D_K(S) decay as a reference channel. The latter has a
decay topology similar to that of the signal channel, allowing for the cancellation of some
systematic uncertainties in the branching fraction measurement. The primary measured
quantity is the product of the relative production cross-section between Ag and B hadrons
and their decay branching fraction ratio, defined as

04 B(A) — DTD™A)

R =
ogo  B(BY— D‘*‘D—Kg)’

(1.1)

where o 40 (0po) is the production cross-section of the AY (BY) hadron, and B denotes the
branching fractions. The branching fraction of the A — D™D~ A decay is then derived using
the value of the cross-section ratio, o 20 /o go, previously measured at the LHCb experiment [20)]
and the known branching fraction of the reference channel [17].



2 Detector and data samples

The LHCb detector [21, 22] 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 sur-
rounding the pp interaction region, a large-area silicon-strip detector located upstream of
a dipole magnet with a bending power of about 4T m, 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 (PV), the impact parameter, is measured with a
resolution of (154 29/pr) wm, where pr is the component of the momentum transverse to the
beam, in GeV/c. 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.

The online event selection is performed by a trigger, which consists of a hardware stage,
based on information from the calorimeter and muon systems, followed by a software stage,
which applies a full event reconstruction. At the hardware trigger stage, events are required to
have a hadron with a transverse energy above 3.5 GeV in the calorimeters. The software trigger
requires a two-, three- or four-track secondary vertex with a significant displacement from
any PV. At least one charged particle from the secondary vertex must have a pp > 1.6 GeV/¢
and be inconsistent with originating from any PV.

Simulation samples are required to model the effects of the detector acceptance and the
imposed selection requirements, and to study the invariant mass distributions of reconstructed
AY — DTD~A and BY — DT D~ K decays. The simulation samples are generated with A
or BY signal decays uniformly distributed in the D™D~A or D*D~KJ phase space. In
the simulation, pp collisions are generated using PYTHIA [23, 24] with a specific LHCb
configuration [25]. Decays of unstable particles are described by EVTGEN [26], in which final-
state radiation is generated using PHOTOS [27]. The interaction of the generated particles
with the detector, and its response, are implemented using the GEANT4 toolkit [28, 29]
as described in ref. [30].

3 Selection of candidates

In the offline reconstruction, charged tracks of kaons, pions and protons are combined to
form DY — K—ntnt, A— pr~ and K — nt7~ decays, which are then used to build
the A) - DTD~A and B® - D™D~ K{ candidates. It is worth noting that the A and K
candidates (collectively referred to as the V0 particles) are reconstructed according to two
different categories. In the LL category, they decay closely enough to the PV such that the
final-state particles are reconstructed using the full tracking system. In the DD category,
the VO particles decay downstream of the vertex detector. Consequently, the V' candidates
have better momentum, mass and vertex resolution in the LL category than in the DD one,
while the V0 candidates in the DD category have higher efficiency.



A series of selection criteria are applied to the formed beauty-hadron candidates to
suppress the background. The selection starts with loose requirements on kinematics, particle
identification (PID) and variables that exploit the relatively long lifetime of beauty hadrons.
Firstly, all final-state particles are required to have good track-fit quality and be displaced
from any PV. Furthermore, these particles must have pp > 0.1 GeV/c and p > 2 GeV/¢, and
be identified with a high significance as a pion, a kaon or a proton, using information from
the tracking system and PID detectors. The scalar sum of pp of the D* candidates’ decay
products must be larger than 1.8 GeV/c, with at least one of these having pr > 0.5 GeV/c
and p > 5GeV/c. The DT and VY candidates are required to have a good-quality decay
vertex that is significantly displaced from any PV. The invariant mass of D' candidates
should lie within 25 MeV/c? of the known mass [17]. Moreover, V? candidates should have
pr > 250 MeV/c and an invariant mass within 6.6 (5.4) MeV/c? of the known masses [17] for
the DD (LL) category. The beauty hadron candidate formed by combining the D and V°
hadrons must have a good decay vertex displaced from its associated PV, which is defined
as the PV that is the most compatible with the flight direction of the beauty candidate.
Additionally, its decay time is required to be greater than 0.2 ps, and its momentum must
point back to the associated PV. The final-state tracks of the Ag baryon must have a scalar
pr sum larger than 5GeV/e, and at least one of the final-state particles must have pp larger
than 1.7 GeV/c and p larger than 10 GeV/¢, and at least two of them must have pr larger than
0.5GeV/c and p larger than 5 GeV/c. A kinematic fit to the whole decay chain is performed
with the D' and V° constrained to their known masses [17] and the beauty-candidate
momentum constrained to point back to the associated PV [31], which helps to improve
the beauty-candidate mass resolution.

To further suppress the combinatorial background, a Boosted Decision Tree
(BDT) [32, 33| classifier implemented in the TMVA toolkit [34, 35] is employed. Given
the similar topology of the A — DTD~A and B — DT D~ K decays, the BDT classifier
is trained using AY — DT D~ A samples and is applied to both decay modes, helping to
cancel certain systematic uncertainties associated with the efficiency determination in the
branching fraction measurement. The BDT classifier training uses candidate A(b) decays in
the high mass sideband (5.80 < m(DTD~A) < 6.15 GeV/c?) in data, which serves as a proxy
for the background, and simulated A) — DD~ A signal decays. The training is performed
separately for the LL and DD categories. The BDT classifier combines variables including
the beauty-hadron decay topology, PID information of final-state particles and kinematic
properties of the A2, D*, A and final-state candidates, to discriminate between the signal and
the background. The optimal requirement on the BDT response is determined by maximising
the Punzi figure of merit €/(5 + v/B) [36], where € is the signal efficiency and B is the
background yield in the data signal region. The signal region is chosen as +25 MeV/c? around
the known Ag mass [17]. The signal efficiency e is estimated from simulated samples, and
the background yield B is estimated by a linear extrapolation of the yield in the high-mass
data sideband to the signal region. The requirements on the BDT response are optimized
separately for the signal and the reference channels but are found to be similar. The optimal
requirement on the BDT response rejects about 99% of the combinatorial background while
maintaining a signal efficiency of about 80%.
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Figure 2. Invariant mass distribution of Ag — DT D™ A candidates near the signal region with the
fit results superimposed, for the (left) LL and (right) DD categories, respectively.

The background from the Kg — 777~ decay, which may be reconstructed as the
A — pr~ decay due to misidentification of a pion as a proton, is investigated. This cross-feed
background is suppressed by imposing a tight PID requirement on the proton track if the
pr~ invariant mass under the 777~ hypothesis is consistent with the Kg meson mass. The
remaining cross-feed background in the B — Dt D~ KJ decay is found to be negligible. The
background from A) — DYKTn~ 7~ A, A) - K- ntr™D~"Aand A) - K- atrTKtn 7~ A
decays is referred to hereafter as the non-double-charm (NDC) background. This background
involves the same set of final-state particles as the signal decays but there is only one or
no intermediate DT meson. The NDC background is largely suppressed by the imposed
requirement on the D* invariant mass. However, any residual NDC background can produce
a peak in the D™D~ A invariant mass distribution, and its yield is estimated based on
the number of candidates in the D* mass sidebands, positioned within a range of 35 to
90 MeV/c? from the known D* mass. The fraction of the NDC background in the Ag sample
is estimated from a fit to the DY D~ A invariant mass distribution in the D* mass sidebands
and extrapolating to the signal region. It is determined to be (6 + 7)% and (6 &+ 3)% for the
LL and DD categories, respectively. Similar results are measured for the B — D*D*Kg
decay channel. This method aligns with that used in refs. [37, 38]. The obtained NDC yield
is then subtracted from the total beauty-hadron yield.

4 Signal yield determination

The invariant mass distributions of the Ag and BY candidates after applying all the aforemen-
tioned selection requirements are shown in figures 2 and 3, respectively. The distributions
are characterized by three significant peaking structures, one for the signal decay and the
other two for partially reconstructed beauty-hadron decays, and a wide smooth combinatorial
background. These components are fit with an extended unbinned maximum-likelihood
method to determine the /12 and BY signal yields.

The signal peak is described by the sum of two Gaussian functions sharing the same mean
value. The common mean and the average resolution of the two Gaussian functions are free
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Figure 3. Invariant mass distribution of B® — DT D™ K g candidates with the fit results superimposed,
for the (left) LL and (right) DD categories, respectively.

parameters in the fit, while the relative fractions of the two components and the ratio of their
widths are fixed to the values obtained from the simulation. In figure 2, the peaking back-
ground closer to the signal peak originates from the /18 — DY D~ X% — Ay) decay where the
7 is not included. The left peaking background is consistent with A) — D**(— D*x0)DFA
decays with the 7° not included. In figure 3, the partially reconstructed backgrounds
in the B® - D*D~K{ mass spectrum are consistent with the B — D**D*~K{ and
BY — D*iDjFK[S) decays, where the 70 in the D** — D*70 decay is not included. The
shapes of the partially reconstructed backgrounds are obtained from a fast simulation [39], and
convolved with the experimental resolution. The combinatorial background is modelled em-
pirically by slowly varying functions, namely the ARGUS function [40] for the Ag — DTD™A
mode and a second-order polynomial for the B® — D*D*Kg mode, with all parameters free
in the fit. The fit of m(D* D~ A) distribution is performed over a larger range than what is
shown in figure 2 to better constrain the combinatorial background. The fit is performed
simultaneously for the LL and DD samples, and the mean of the signal Gaussians is shared.

The fit results are shown in figure 2 for A) — DT D~ A candidates and in figure 3 for the
BY — D+D_Kg candidates. After the subtraction of the aforementioned NDC background,
the signal yields for the AY — DTD~A and BY — D*D~KJ decays are determined to be
18 +5 and 128 + 12 for the LL category, 69 +9 and 296 4 18 for the DD category, respectively.
The statistical significance of the Ag — DT D™ A decay evaluated using the likelihood-ratio
test [41] exceeds 16 standard deviations (o) after considering systematics. Thus, this represents
the first observation of the A) — DT D~ A decay mode. The left peaking structure in the
DV D™ A invariant mass distributions exhibits a statistical significance of 9o using the same
method as above. This structure is consistent with the A) — D*TD~A decay, being thus
observed for the first time in the D™D~ A invariant mass spectrum.



5 Branching fraction measurement

The branching fraction of the A) — D™D~ A decay is measured with respect to that of the
B® — D™D~ KJ decay as

corr
Ay B(K$ — mr)

R= %%”X B(A — pr—)

(5.1)

where N™ is the efficiency corrected yield of the X; = Ag or BY decay. The branching
fractions B(A — pr~) and B(K{ — n7n~) are taken from ref. [17]. The efficiency corrected
yield is determined as
N =32 (5.2)

;€
where the sum runs over all the selected candidates in the signal or reference channel. The
weight w; assigned to each candidate is calculated using the invariant mass fit result following
the sPlot technique [42], which is used to statistically subtract the background contribution
in the data sample. The ¢; denotes the total experimental efficiency, which is calculated as a
function of the final-state phase-space coordinates, represented by the two-dimensional plot of
the two-body invariant mass distributions m(D*D~) and m(DTV?), and it is estimated for
the LL and DD categories separately. The efficiency function is determined using simulated
samples, which have been calibrated such that the distributions of several key variables match
the data, including the PID response, /12 kinematics and the total charged-track multiplicity.
The relative variation of the total experimental efficiency across the phsp space is around
20% for both the signal and reference channels in the LL and DD categories.

Thus, R is determined to be 0.172 4+ 0.047 and 0.181 + 0.025 for the LL and DD categories,
respectively, where the uncertainties are statistical.

6 Systematic uncertainties

The systematic uncertainties on the branching fraction measurement, apart from external
inputs, are generally related to either the signal yields or the efficiencies. Due to the similar
topology of the signal and reference decays, many sources of systematic uncertainties are
either cancelled or largely suppressed in the ratio of branching fractions. The remaining
systematic uncertainties are outlined below and summarized in table 1.

The determination of the signal yields in the Ag and B decay channels is affected by the
choice of the fit models for the various components, which in turn influences the branching
fraction measurement. To test the signal model, alternative fits are performed by either
fixing all the shape parameters to those obtained from the simulation or by using a Hypatia
function [43] with the parameters of mean and resolution floated in the fit. In order to study
the systematic uncertainty associated with the combinatorial background modelling, the range
of the beauty-hadron invariant mass used in the fit is modified. The relative deviation of the
branching fraction obtained in these alternative fits from the baseline result is found to be 3.4%
at most, which is taken to be the systematic uncertainty due to the invariant mass modelling.



The distributions of the discriminating variables used in the BDT classifier are found to
be consistent between the simulation and background-subtracted data of the reference channel.
Additionally, given the overlap of the distributions of discriminating variables between the
signal and reference channels in simulation, no corresponding systematic uncertainties are
quoted. To validate the effect of the possible overtraining of the BDT classifier on the
beauty-hadron invariant mass distribution, a fit is performed excluding the candidates used
in the BDT training. The relative difference of the new branching fraction with respect to
the baseline result is found to be 2.5% and is taken as the corresponding uncertainty.

The estimated NDC background fractions in the signal and reference channels suffer from
the limited size of the data samples. These uncertainties are propagated to the branching
fraction measurement causing a relative uncertainty of 4.5%.

The efficiencies are estimated from simulated samples, so systematic contributions arise
due to the limited size of the samples, and due to the imperfect simulation of the detector
response and particle kinematics. The relative uncertainty due to the limited size of the
simulation samples is 3.9%. Corrections of the simulation samples for their different PID
response and beauty-hadron kinematic distributions than in data are subject to uncertainties.
Specifically, the systematic uncertainty associated with the corrections of the PID response is
evaluated using alternative correction templates [44] and measuring the relative change of
efficiencies, which is found to be negligible. The uncertainties on the corrections of the Ag
distributions are propagated to the branching fraction measurement using pseudoexperiments.
For every pseudoexperiment, the correction factor in each bin of the /18 transverse momentum
and rapidity is varied following a Gaussian distribution. The mean and width of the Gaussian
function are taken as the baseline correction factor and its uncertainty. Also, the branching
fraction is calculated for each pseudoexperiment, and then a set of branching fractions is
obtained, whose standard deviation is taken as the systematic uncertainty, calculated to
be 1.5%.

The hardware-trigger response is approximately modelled in the simulation, therefore,
a data-driven calibration is performed to align the efficiency in the simulation with that in
the data [45]. The uncertainties on the calibration factors are propagated to the branching
fraction measurement, resulting in a relative uncertainty of 0.5%.

The experimental efficiency is measured in bins of the final-state phase space. The choice
of the binning scheme introduces another source of systematic uncertainty. The efficiency,
recalculated using coarser bins, results in a relative change in the branching fraction of 2.6%.
This value is thus quoted as a systematic uncertainty.

Besides the contributions outlined above, there are also further uncertainties due to
the external inputs. They come from the limited knowledge of the branching fractions
of the intermediate decays A — pr—, Kg — w7~ and that of the reference channel
BY — D*D~K" [18]. Benefiting from the precise measurement of branching fractions of
A — pr~ and KJ — 777~ [17], the uncertainties associated with these two intermediate
decays are small, at 0.9% relatively. However, experimental knowledge about the branching
fraction of the reference channel B — DT D~K? is quite limited, resulting in a large
uncertainty of 23.1%, which dominates the overall uncertainties. The precision of the branching
fraction measurement of A) — DTD~A can be greatly enhanced once the measurement of



Source Relative uncertainty (%)

Modelling of the invariant mass distribution 3.4
BDT classifier training 2.5
Subtraction of NDC background 4.5
Size of simulation samples 3.9
Corrections to simulation samples 1.5
Trigger efficiency 0.5
Binning scheme of two-body invariant mass 2.6
Branching fraction ratio of A — pr~ and K — 77~ 0.9
Branching fraction of B — DT D~ K° 23.1
Beauty-hadron production cross-section ratio 9.1
Total systematic uncertainty 7.8
Total uncertainty due to external inputs 24.7

Table 1. Summary of relative systematic uncertainties and uncertainties from external inputs on the
branching fraction measurement.

B? — DtD~ KDY is significantly improved. Finally, another source is the uncertainty from
the measurement of the beauty-hadron production cross-section ratio performed by LHCb,
which is 9.1% [20]. The total uncertainty due to the external inputs is 24.7%, which is the
dominant uncertainty compared with the statistical and systematic ones.

7 Results and summary

The product of the ratio of branching fractions and the corresponding beauty-hadron pro-
duction cross-section is measured to be

_ o B(A) — DTD~A)
~ oo B(B°— Dt*D-K))

=0.179 £ 0.022 £ 0.014,

where the first uncertainty is statistical and the second is systematic. This result represents
a weighted average of the LL and DD samples, with weights calculated using the statistical
uncertainties.

The relative production cross-section o A0 /o po is equal to the ratio of hadronization frac-
tions, f A0 / fpo, which has been measured by LHCb as a function of the pr of the A9 baryon [20].
Averaging over the pr distribution of the Aj) baryon in data gives o A0 Jogo = 0.541 £ 0.048.
Using the known branching fraction of B(B? — D*D~K?) [18] and assuming equal probabil-
ities for observing a K° meson as a Kg or KE mass eigenstate, the /12 — DT D™ A absolute
branching fraction is determined to be

B(A) - DYD~A) = (1.24 £ 0.15 + 0.10 + 0.28 + 0.11) x 104,
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Figure 4. Normalized and background-subtracted invariant mass distributions of the (left) DT A,
(right) D~ A and (bottom) D+ D~ systems in the A) — DT D~ A decay, compared with the distributions
in simulation samples.

where the first uncertainty is statistical, the second is systematic, and the third and fourth
come from the uncertainties on the B? — D+D_K(S) branching fraction and the beauty-
hadron production cross-section ratio [20], respectively.

As emphasized in figures 4 and 5, where the invariant mass distributions m(D*D™),
m(DTV?) and m(D~V?) are shown, these decays are particularly noteworthy for their
potential in probing possible resonant structures. These invariant mass distributions, in which
the combinatorial background is subtracted using the sPlot technique, strongly depart from
the phase space distributions obtained in simulation. Such deviations suggest the presence
of a variety of resonant structures. For example, excited =} states around 3055 MeV/c?
are very likely to be included in the m (D™ A) distribution, as shown in the top left plot of
figure 4. Additionally, the DD bound state X (3700), predicted by the theory in ref. [16],
may exist in the m(DT D7) distribution. However, as shown in the bottom plot of figure 4,
the current statistics do not allow for a definitive conclusion. Furthermore, pentaquark states
could potentially contribute to the m(D~A) distribution. These open the door to future
discoveries in upcoming studies with larger datasets.

In summary, the A) — Dt D~ A decay is observed for the first time using proton-proton
collision data collected by the LHCb experiment at a center-of-mass energy of 13 TeV, corre-
sponding to an integrated luminosity of 5.3 fb~!. The branching fraction of the Ag — DTD™A
decay is determined, which is a key step towards probing potential intermediate resonant

,10,
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distributions in the simulation sample.

states. The peaking structure in the D™D~ A invariant mass distribution, which is con-
sistent with the /12 — D*T D~ A decay, is also reported. Future studies will be needed to
measure the branching fraction of the A) — D**D~A decay. The indications of various
resonant structures in the A) — DT D~ A decay also call for future exploration in similar
decay channels, like the AY — DDA decay.
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