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The decay B~ — A} AZK~ is studied in proton-proton collisions at a center-of-mass energy of /s =
13 TeV using data corresponding to an integrated luminosity of 5 fb~! collected by the LHCb experiment.
In the A K~ system, the E,(2930)° state observed at the BABAR and Belle experiments is resolved into
two narrower states, =,(2923)° and E,(2939)°, whose masses and widths are measured to be
m(E.(2923)%) =2924.5 4+ 0.4 + 1.1 MeV, m(E.(2939)°) =2938.5 £ 0.9 +- 2.3 MeV, I'(£,(2923)°) =
48409+ 1.5 MeV, I'(2,(2939)%) = 11.0 £ 1.9 4= 7.5 MeV, where the first uncertainties are statistical
and the second systematic. The results are consistent with a previous LHCb measurement using a prompt
A} K~ sample. Evidence of a new Z..(2880)° state is found with a local significance of 3.85, whose mass and
width are measured to be 2881.8 3.1 £ 8.5 MeV and 12.4 + 5.3 £ 5.8 MeV, respectively. In addition,
evidence of a new decay mode E.(2790)° — AfK~ is found with a significance of 3.7¢. The relative
branching fraction of B~ — AFAZK~ with respect to the B~ — D*D~K~ decay is measured to be
2.36 = 0.11 £ 0.22 £ 0.25, where the first uncertainty is statistical, the second systematic and the third
originates from the branching fractions of charm hadron decays.
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I. INTRODUCTION

The quark model predicts a rich spectrum of singly
charmed baryons. However, many states, especially those
containing at least one s quark (e.g. 22, Q0), have not been
experimentally established. An effective approach to search
for charm baryons is in b-hadron decays. Upon the
observation of the B~ — A} AZK~ decay,1 the BABAR
collaboration reported evidence of a Z.(2930)° state in the
A K~ system with a low significance [1]; and later the
Belle collaboration confirmed this with a larger yield [2].
Recently, the Belle collaboration also found evidence of its
charged counterpart in the B — AfAZKY decay [3]. The
LHCb experiment, with a much higher B meson yield
and excellent momentum resolution, should be able to
confirm the =.(2930)° state by examining the B~ —
AFYAZK~ decay, precisely measure its properties and
resolve a potential finer structure.

Another way to look for charmed baryons is to search for
their production in primary pp interactions, recently
exploited by the LHCb experiment [4-7]. A search for

excited ZY baryons in prompt A7 K~ pairs performed at the
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LHCb experiment found that there are two narrow states,
E.(2923)° and E.(2939)°, at the position of E.(2930)°
observed at B factories, with the presence of an additional
E.(2965)" structure at higher mass [7]. At lower mass, a
peaking structure is seen at around 2880 MeV,” noted as
=.(2880)°, which is obscured by partially reconstructed
background but is in the position of an expected resonance
[8]. The complexity of the current experimental situation
motivates the study of the B~ — AJAZK~ decay at the
LHCb experiment. Although the exclusive reactions have
lower yield compared to the prompt search, the background
level is expected to be lower.

Furthermore, the B~ — AFAZK~ decay provides a
unique opportunity to search for possible exotic candidates
in the AfA; and A7K~ spectra. The Belle collaboration
observed a significant near-threshold enhancement in the
AFA; mass spectrum through the reaction ete™ —
AFAZyigr, Where yigr indicates a high momentum photon
emitted in the initial state radiation process [9]. The BESIII
experiment recently measured the e*e™ — AFAI cross-
section with high precision, and an enhanced value near
threshold was reported [ 10]. If the enhancement of the A7 A~
production around 4600 MeV is due to the presence
of a resonance, it might be confirmed in a decay of the
type B~ — AFAZK~, despite the different production
mechanism. The AZK~ system does not form resonances
in the conventional quark model.

*Natural units with # = ¢ = 1 are used throughout this paper.
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In this paper, a data sample of proton-proton (pp)
collisions at /s = 13 TeV, corresponding to an integrated
luminosity of 5 fb~!, collected by the LHCb experiment in
years of 2016 to 2018, is used to study the decay of
B~ — AYAZK~. The A} baryon is reconstructed in the
pK~n" final state. The B~ — DTD~ K~ decay, with
Dt — K=zzn", is chosen as the normalisation channel,
since it has a very similar decay topology and the same
number of tracks in the final state as the signal. This allows a
precise measurement of the ratio of the branching fractions of
the B~ — AfAZK~ and B~ — D*D~K~ decays.

II. DETECTOR AND SIGNAL SELECTION

The LHCb detector [11,12] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < g
< 5, designed for the study of particles containing » or ¢
quarks. The detector includes a high-precision tracking
system consisting of a silicon-strip vertex detector
(VELO) surrounding the p p 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 down-
stream 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. 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/pt) pm, where pr is the component of the
momentum transverse to the beam, in GeV. The momentum
scale is calibrated using samples of J /vy — u*p~ and B~ —
J/wK™ decays collected concurrently with the data sample
used for this analysis [13,14]. 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 electromag-
netic 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 per-
formed 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 muon with high pt or a hadron, photon
or electron with high transverse energy in the calorimeters.
The software trigger requires a two-, three- or four-track
secondary vertex with a significant displacement from any
primary pp interaction vertex. Simulation is required to
model the effects of the detector acceptance and the imposed
selection requirements. In the simulation, pp collisions are
generated using PYTHIA 8 [15] with a specific LHCb
configuration [16]. Decays of unstable particles are described
by EvtGen [17], in which final-state radiation is generated
using PHOTOS [18]. The interaction of the generated particles
with the detector, and its response, are implemented using the
Geant4 toolkit [19] as described in Ref. [20].

The B~ candidates are reconstructed with a pair of A} A7
baryons along with a companion kaon, where the A} baryon
is reconstructed in the A — pK~z" final state. The A}
decay products are required to have good track quality and
large transverse momentum, to be inconsistent with origi-
nating from any PV, and to have correct particle identification
(PID) (proton, kaon or pion). The A/ candidate is required to
have pt greater than 1.8 GeV, its vertex inconsistent with
originating from any PV, and the angle between its momen-
tum and its flight direction with respect to the associated PV
to be less than 90 degrees. In case of multiple primary
vertices, the candidate is associated to the PV with respect to
which the smallest y% is obtained, where y3; is defined as the
difference in the vertex-fit y> of the associated PV recon-
structed with and without the track under consideration. The
reconstructed mass of the Al candidates is required to be
within the window of 2225 < M(pK n") < 2345 MeV.
Higher thresholds on pt and momentum are set for the
companion kaon and similar requirements as for the A}
decay products are imposed on its track quality, PID and
displacement from the PV. All the selection criteria for the A
candidates apply to the A candidates. The B~ candidates are
required to have pr greater than 5 GeV, a reconstructed
lifetime longer than 0.2 ps, and to have a y3, less than 25. The
reconstructed B~ flight direction, defined by its production
and decay vertices, and its momentum are required to be well
aligned. The B~ candidate must be within the mass window
of 5205 < M(AFAZK™) < 5355 MeV.

To further suppress the background, a boosted decision
tree (BDT) [21,22], implemented in the TMVA toolkit [23],
is trained with the simulated sample as signal and with data
from sideband regions defined in Table I as background. The
training variables are the y° per degree of freedom of the A}
decay vertex, and the yZ, and PID information of all final-
state tracks. The PID values in simulation are drawn from
calibration samples to better agree with real data [24]. The
selection requirement on the BDT output is chosen to
optimise the expected significance of the B~ — AFAZK~
signal.

A dedicated BDT is trained for the normalization channel
B~ — DTD~K~ with simulation as signal and with candi-
dates in the D™ and B~ sideband regions, as defined in
Table I, as the proxy for background. The signal region of the
B~ — DTD™K~ decay is wider than the B~ — AFAZK~
since the energy release (Q-value) of the former is larger. The

TABLE I. Definitions of the sideband regions, where m(B~)
and m(D™) represent the known values from Ref. [25]. The same
sideband region is defined for the pK "z~ combination as for the
pK~n" combination. The values are in MeV.

50 < |M(AfAZK™) —m(B7)| <90 MeV,

B~ = AfAZK- 2225 < M(pK~xt) < 2260 MeV or
2310 < M(pK~n") < 2345 MeV
B—D Dk~ 15 <IMD DTK")—m(B7)| <120 MeV,

45 < IM(K~ztxt) —m(D")| < 90 MeV
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FIG. 1. Distributions of (a) M(AfA;K™), (b) M(pK*x~) and (c) M(pK~x*) of selected B~ — A} A7 K~ candidates. The data points
with error bars are shown along with the total fitted shape, which is composed of signal and background components, as shown in the legend.

selection is almost identical to the signal selection, with the
A/} candidate replaced by the D™ reconstructed from the
K~ztn" decay mode. The D candidates are required to be
within a mass window of 1795 < M (K~ ztz") < 1945 MeV.

III. SIGNAL EXTRACTION

The B~ — A} AZK~ signal is extracted using a three-
dimensional (3D) fit to the invariant mass of B~, A} and A,
candidates. The 3D fit function is constructed as a sum of
multiple terms each of which is a direct product of one-
dimensional functions. The signal function is sp-s5-5,+,
where sp- is modeled by sum of two Gaussian functions
sharing common mean value and s+ is modelled using sum
of three Gaussian functions with a common mean value fixed
to the known A mass [25]. The fit model and parameters are
identical for 5,+ and s3-. The Gaussian parameters are all
fixed to values from fits to simulated samples. The back-
ground shape in the M(AFAZK™) and M(pK~z") distri-
butions is parameterised with a first-order polynomial. The
background candidates are of seven different categories:
from real B~ decay products, (1) s-5x-bp+, (2) S5-Di-Sa+
(3) sp-bx-bys+; from non-B~ decays containing true A,
decays, (4) bp-s3-5p+, (5) bp-55-bas, (6) bp-bj-s,+; and
pure combinatorial background, (7) bg-bj-b,+. For back-
ground categories (1)—(3) the Q-values of B~ decays could
differ from the signal, and a single Gaussian s’;- is used. The
fited B~, A} and A7 mass spectra are shown in Fig. 1. The
signal yield is determined to be 1365 4 42. It is found that
background (4) bp-sz-s,+ makes negligible contribution;
thus the yield is fixed to zero.

The resonance structure present in the B~ — AFAZK™
decay is studied using the candidates in narrower B~ and
Af mass windows: 5240 < M(AFAZK™) < 5320 MeV
and 2265 < M(pK n") < 2305 MeV, respectively. In
order to improve the mass resolution of any resonant state,
a refit of the decay fixing the masses of A} and B~ to the
known values is performed. The refitted momenta of A/,
A7 and K~ are used to determine the M (A K~), M(A;K™)
and M(AS A7) mass spectra. It is verified that the selection
requirements do not induce artificial peaking structures. For
background subtraction, it is sufficient to consider the
sideband in the two-dimensional spectrum of M(pK~z*)
and M(pK*z~), as shown in Fig. 2, since the absence of

MpK 7*) [MeV]

2300
M@EK*7) [MeV]

FIG. 2. Selected B~ — AA; K~ candidates in the two-dimen-
sional M(pK~z") and M(pK*z~) spectrum. The red dashed
box is the signal region, the dark blue, light blue and green boxes
indicate regions dominated by s3-by+, bz-s,+ and combinatorial
background, respectively.
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FIG. 3. Mass spectrum of the AfK~ pair from the B~ —
A} A7 K~ decays. The data points with error bars are shown along
with the total fitted shape in blue solid line, which is composed of
the components, as shown in the legend.

the bp-s45-5,+ background component means that when-
ever a true A7 A pair is selected, it corresponds to a real
B~ — A} AZK~ decay. The contributions from s A-bp+ and
bi-sa+ are averaged to account for the background con-
tribution in the signal region, where the double-counted
contribution from pure combinatorial background, as in
bi-by:, is subtracted. The background subtraction is also
performed with the sPlot method [26] as a cross-check to
verify that none of the observed structures are due to
background fluctuations.

The M(A}K™) spectrum is shown in Fig. 3. The fitting
function is described in detail in Sec. IV. Two states
reported in Ref. [7], E.(2923)° and =.(2939)°, are
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observed. In addition, a wide structure is evident around
2880 MeV. A similar structure was observed in the
prompt Af K~ study [7], but background due to feed-
down from higher E? states, Z.(3055)° and Z.(3080)°,
with a z° or #" missing in the reconstruction, could not
be discounted. Such background will not affect the A K~
system from B~ decays, since there is not enough phase
space for B~ — AZE.(3055/3080)° and such feed-down
component with a missing particle will not peak at the B~
mass. To study the effect of partially reconstructed
Z.(3055/3080)° from other h-hadron decays, a sample
of Ag decays is generated with the decay chain
A) = E.(3055)* D™, E.(3055)" = [Afat]g+ K™, D™ —
Ktz n~. The selection criteria remove them completely.
Therefore, the wide structure cannot be due to feed-down,
and is considered as a resonant state in the fit. Both
E.(2790)° and =,(2815)° states are expected at the lower
end of the M(AfK™) spectrum, and their masses, widths
and spin-parity J” are fixed to known values [25].
The E.(2790)° state has J” = (1/2)~ and E.(2815)°
has JP = (3/2)". However, the significance of the
E.(2815) state is only 2.16, and so it is not included
in the nominal fit. The yield of the resonant states is not
enough to determine their quantum numbers with suffi-
cient significance. The spin-parity J” of both Z,(2923)°
and E.(2939)° states is fixed to be (3/2)” and that of
=.(2880)° is fixed to (1/2) [8].

The invariant mass distributions of the A7 K~ and A7 A7
pairs are shown in Fig. 4. No significant structure is
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FIG. 4. Mass spectrum of (a),(c) A7 K~ and (b),(d) A A7 pairs from (a),(b) all the B~ — A} A; K~ candidates and (c),(d) after vetoing

candidates with 2900 < M(AfK™) < 2970 MeV.
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seen. The distributions of M(A7K~) and M(AFAL) are
also produced after rejecting candidates with 2900 <
M(AfK™) <2970 MeV, to remove contributions from
the 2.(2923)° and Z.(2939)° states. No significant struc-
ture is seen.

IV. MASSES AND WIDTHS OF THE EXCITED
20 STATES

The masses and widths of the excited Z0 states are

obtained from an unbinned maximum likelihood fit to the
M(AfK™) spectrum. The total fitting function is con-
structed as

N:-O N hs
M) =—<Foo(M) ® §(0re5) + ——2 fopen(M
(M) Nevtf“f( ) ® 9(0res) Now, Jphsp(M)
N
o Fog (M), (1)
evt

where M stands for M (A} K™). The function describing the
excited Z0 states, JS=0, which will be discussed in detail
later, is convolved with a Gaussian function to account for
the detector resolution. The Gaussian function has a mean
value of zero and width o, in the range of 0-2 MeV
dependent on M(AJK™). The resolution o, is parame-
terised as (M — my, )" (my, — M)"[c + d(M — my, )], where
m, = m(AS) +m(K~) and my, = m(B~) —m(A;) are
lower and upper thresholds of the M(AfK™) spectrum,
respectively, and a, b, ¢, d are determined from simulation.
The contribution from the non-resonant component f g, is
modeled with simulation of pure phase-space decay. The
background contribution [y, is extrapolated from the
sideband regions as defined in Fig. 2. The expected number
of background events Ny, is also fixed using extrapolation
from the sideband regions. The total number of candidates
within the fitting range, N, is 1494. All fitting functions
are normalised to unity.

As discussed in Sec. III, four excited states are consid-
ered: £.(2790)°, Z.(2880)°, £.(2923)° and E.(2939)°.
The interference between the Z.(2923)° and Z.(2939)°
states is important and cannot be neglected to correctly
describe the data. The significance of the two-state hypoth-
esis with respect to the hypothesis of a single Z.(2930)°
state is over 116. The function used for excited Z? states is
expressed as

f=0 = pq(IMz (27900 + Mz, (2500 |
+ Mz, 20230 + Mz, (203001%). (2)

where M, (M) = A,(M)F, (¢)F,, (p). The quantities
g and p represent the breakup momenta of the Z and
B~ decays, expressed as q:/ll/z(Mz,m%(,mz[)/@M),

p = A2 (my, M?,m3 )/ (2M), where A(x,y.z)=x*+y*+

72 —2xy—2yz—2zx. The subscript « runs through all four
resonant states considered in the fit. The amplitude of each
state is described by a relativistic Breit—-Wigner function,

Ca

2 2 _; q . My
my — M~ —im, ', = 7%
a @ ag, M Fi(q.)

where m, and I, are the mass and width of the state, ¢, is a
complex coefficient, and ¢, is the breakup momentum ¢
computed at the mass m,. The quantities F;(g) and F; (p)
are Blatt—Weisskopf barrier functions, defined as

1 k=0,
(qr)* _
Fi(q) = Vivar k=1, (4)
(qr)* k=2

9+3(qr)*+(qr)*

where r is the effective radius of the resonant state, fixed to
3.0 GeV~! [27], L s the orbital angular momentum between
the A7 and K™ particles, and L is the smallest possible
orbital angular momentum between the A} and Z states.
As mentioned before, the spin-parity of the Z.(2790)°
state is known to be (1/2)~ [25]. The 1P multiplet
contains 5 states with the quantum numbers (1/2)7,
(1/2)7,(3/2)7,(3/2)" and (5/2)~. The quantum numbers
of the E.(2880)" state are assumed to be (1/2) as well [8].
The spin-parity of the Z.(2923)° and =.(2939)° states is
assumed to be (3/2)”. The values of / are set to respect
momentum and parity conservation, namely / = 0 for the
E.(2790)° and ZE.(2880)° states and [ =2 for the
2.(2923)° and E.(2939)° states. Alternative assumptions
for the quantum numbers of the states are considered in the
determination of the systematic uncertainty. If the spin of
the Z0 of interest is J, then L can only take values J — 1/2
and J + 1/2, and F;_ is replaced by F; _i/5 + koF; 112
The k, parameters are complex factors representing the
contribution of the higher partial waves. They cannot be
extracted from a one-dimensional fit with the available
statistics, and all k, parameters are set to a common value
of kg in the fit.

To study the possible bias on the measured mass and
width of the E.(2923)° and E.(2939)° states, 3000
pseudoexperiments are performed where all other param-
eters, except the masses and widths, are fixed. A fit is
performed for each pseudoexperiment, and the pull of each
mass or width parameter is calculated with respect to the
input. The pull is defined as the difference between the
fitted value and the input value, divided by the uncertainty
obtained from the fit. The pull distributions are then fitted
with Gaussian functions. The deviation of the Gaussian
mean from zero is used to correct the fitted mass values.
The correction values are smaller than the statistical
uncertainties and will be considered in the systematic
uncertainty determination.
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TABLE II. Measured masses, widths and significance of
excited Z¥ states.

State Mass (MeV) Width (MeV)

.(2880)0 2881.8£3.1 £85 124+52+58 3.8¢
.(2923)0 29245+04+1.1 48+£09+15 > 100
+(2939)0 29385+£09+23 11.0+£19+75 > 100

Significance

[1] [1] [1]

The fitted M (A} K~ ) distribution is shown in Fig. 3, and
the measured masses and widths are listed in Table II. The
significance of the Z,(2790)° and Z.(2880)° states is
calculated by studying 3 0000 pseudoexperiments. Each
is generated with a null hypothesis, then fitted both with
and without the excited Z0 state of interest. The test statistic
tg, defined as twice the difference in log-likelihood with
and without the state, 2 log(L, /L), is expected to follow a
x* distribution. The #, values from the pseudoexperiments
are fitted with a y? distribution, and the p-value of the
observed yield corresponds to the fraction of integrated area
above the #, value measured in real data divided by the total
integrated area. The significance of both the Z.(2790)° and
E.(2880)° states is estimated to be 3.95. The significance
of the Z,(2880) state is stable even assuming the absence
of the Z.(2790)° state.

Systematic uncertainties on the mass and width mea-
surements from various sources are studied. Multiple
alternative assumptions on the fixed parameters are tested.
The spin-parity of the Z,(2923)° and =.(2939)° states is
setto (1/2)7, (1/2)* or (3/2)~, and J* of the Z,.(2880)" is
set to (1/2)*, (3/2)~ or (3/2)*. In these tests, the states
with the same spin-parity are always added coherently. The
effective radius 7 is set to either 2.0 or 4.0 GeV~!. The mass
and width of the Z,(2790)° state are varied within their
uncertainty, and the hypothesis without the Z,(2790)° state
is tested. A different coefficient k,, is assigned to each group
of Z¥ states with the same spin-parity. An additional state
around 2970 MeV with orbital angular momentum of 0, 1
or 2 is added. The fit including the =.(2815)° state is
considered. The potential interference with nonresonant
decays is considered by adding a constant term in the
A} K~ mass distribution. The maximum variation in the fit
results is obtained for each alternative assumption if
multiple values are considered, and the total systematic
uncertainty due to model assumptions is the quadratic sum
of variation in all alternative assumptions.

The E.(2923)° and E.(2939)° lineshape is described
alternatively using a K-matrix formalism [28], which
preserves unitarity. The variation in the results is considered
as a systematic uncertainty. The pull distributions from
pseudoexperiments are used to correct a possible bias in the
masses and widths of the Z.(2923)° and =.(2939)° states,
where the resulting corrections are smaller than statistical
uncertainties. It is found that the fitted width oy of the
pull distribution is slightly wider than unity, indicating a

TABLEIII.  Systematic uncertainties on the masses and widths of
the £,(2923)°, 2,(2939)° and =,.(2880)° states. Values are given
in MeV.

2.(2923)°  E.(2939)° =.(2880)°
Source Mass Width Mass Width Mass Width

Model assumption 08 14 19 70 84 4.1
Lineshape formalism 0.7 0.1 1308 L1 00

Bias correction 02 04 0.4 2.1

Momentum scale 0.0 0.1 0.0

Mass constraint 0.1 0.1 0.1 0.5 0.1 0.4
Background 01 03 02 08 07 40
Total 1.1 1.5 2.3 7.5 8.5 5.8

potential under-estimation of the statistical uncertainty.
Therefore, the term ‘7;2)1111 —1. oy, 1s assigned as a

systematic uncertainty. A relative uncertainty of 3 x 10~
on the charged particle momentum scale [7] is propagated
through the simulation. The resolution o, is varied within
uncertainty and the resulting difference on the fitted
parameters of the resolution function is then propagated
to the masses and natural widths of the excited Z0 states,
which is found to be negligible. The magnitude of the
energy-loss correction for charged particles is known to
10% accuracy [29]. In the study of Ref. [14], a correction of
less than 0.01 MeV per track is estimated. A conservative
estimation of 0.01 MeV per track is taken as the systematic
uncertainty, which is also found to be negligible.

Mass constraints on the B~ and A} candidates are applied
when calculating M(AfK~). The maximum change after
varying the B~ or A} mass by one standard deviation is
assigned as a systematic uncertainty. The systematic uncer-
tainty due to the background is estimated by generating and
fitting 300 pseudoexperiments, randomly varying the back-
ground yield according to a Poisson distribution while fixing
the E yield, the parameters of the Z° model and the
nonresonant yield. The average of the fitted values is
calculated, and its difference from the nominal result is
assigned as a systematic uncertainty.

A summary of the systematic uncertainties are listed in
Table III. The uncertainties from different sources are
uncorrelated and are added in quadrature to give the total
systematic uncertainty. The significance of the =,.(2880)°
and Z.(2790)° states is 3.8¢ and 3.76, respectively, after
taking the systematic uncertainties into account.

V. BRANCHING FRACTION

The relative branching fraction Rz of the B~ —
A}YAZK~ decay with respect to the B~ — DD K~
channel is calculated as a ratio of efficiency-corrected
yield divided by the corresponding charm decay branching
fractions, expressed as
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(d) M(D"D*K~™), (e) M(K*z~#z~) and (f) M(K~x*x") in the B~ — D"D~K~ sample. All selected events are triggered due to B~
candidates. The legend is the same as in Fig. 1, except replacing AT (A7) with DT (D7) for the B~ — D™D~ K~ decay.

N(B~ = AfAK™)
Rp = - —
N(B~ - D*D7K")
" B*(D* - K= rntnt)
B (Af — pK-nt)

(B~ = DTD™K™)
eo(B~ = AFAZKT)

(5)

The yield of the signal and normalization channels
is obtained from the 3D fit described in Sec. III. The
charm decay branching fractions B(Dt—K z'z")
[(9.38 £ 0.16)%] and B(A; —pK z") [(6.28 £0.32)%]
are obtained from Ref. [25].

In addition to the selection described in Sec. II, it is
required that all selected signal events are triggered on the
B~ candidate decay products for both signal and normal-
isation modes so that the trigger efficiencies can be
estimated accurately. The projections of the 3D fit to the
B~ — A}AZK™ spectra with these additional requirements
are shown in Figs. 5(a)-5(c) and the measured yield is
977 + 36. For the normalisation decay B~ - D"D~"K~, a
similar 3D fit is performed to the mass distributions of the
B~, Dt and D~ candidates with the same fitting functions
except replacing A, with D wherever applicable. The fitted
distributions are shown in Figs. 5(d)-5(f), and the yield of
B~ —» D™D~ K~ decay is 2212 + 62.

The total efficiency ¢, is the product of the efficiencies
due to the detector acceptance, trigger, reconstruction,
offline preselection and multivariate selection. The effi-
ciencies from different sources are estimated with a
combination of simulation and data. Weights are assigned
to the simulated events such that the track multiplicity

distribution agrees with the data. The tracking efficiency for
charged tracks is estimated using data, and the difference
between simulation and data is obtained from a correction
table as a function of pr, 7 and number of charged tracks
[30]. The total efficiencies of the signal and normalisation
decays are (3.41 £ 0.02) x 10~* and (8.15 £0.11) x 1074,
respectively, where the uncertainties come from the sta-
tistics of the simulation samples. An alternative set of
selections of the B~ — A7A7 K~ signal with tighter criteria
on pr and looser criteria on B~ decay time is used as a
cross-check, and the efficiency-corrected yield is found to
be consistent with the baseline selections.

The systematic uncertainty on the relative branching
fraction comes from uncertainties in signal yield determi-
nation and efficiency estimation. The working point of the
BDT output is chosen to maximise the signal significance.
The choice of BDT thresholds are varied and no significant
bias is found. The average of the efficiency-corrected yield
agrees with the nominal result within statistical uncertain-
ties, and the maximum change in the central value is taken
as a systematic uncertainty. Alternative assumptions are
made when performing the 3D fits, including varying the
fitting range, using fixed shapes from simulation for the
signal in the fit, and varying the mass resolution for B decay
backgrounds. The shifts in yield are taken as systematic
uncertainties. The simulation sample is weighted to match
the track multiplicity distribution of data, and the uncer-
tainties of the weights are propagated to the efficiencies.
The efficiency dependence on the decay phase space is
studied in the M(AZK™) vs. M(AZK™) [M(D"K~) vs.
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TABLE IV. Relative systematic uncertainties of the branching
fractions of signal, normalization channel, and their ratio Rz (in
percent). Correlation between the two channels are considered.

Source B~ - AfAK- B~ - D*D"K~ R
BDT working point 1.5 0.4 1.6
Fit range 1.2 0.6 1.3
Detector resolution 0.0 0.3 0.3
Signal model 0.0 1.6 1.6
Simulation weighting 2.6 3.8 4.6
Decay phase space 0.1 0.2 0.3
PID resample 0.6 0.9 1.0
Detector parametrization 33 2.5 0.8
Trigger 5.6 4.9 7.5
Simulation sample size 0.9 1.2 1.5
Total 9.4

M(D*K™)] plane for the signal (normalization) decay. The
efficiencies are calculated alternatively according to each
candidate’s decay phase space and the shift in central values
is taken as a systematic uncertainty. The tracking efficiency
has a negligible effect on the final results. The PID values in
simulation are sampled to better agree with data using a
dedicated tool [24]. An alternative template is used for the
sampling and the shift in the efficiency-corrected yield is
taken as a systematic uncertainty. The parametrization of
the VELO materials, which influences IP-related variables,
is tuned on simulation. The y?, distribution in simulation is
scaled with parameters given by the A) — Az~ sample,
and the shift in Rz using the scaled simulation is assigned
as a systematic uncertainty. The trigger efficiencies are
estimated using the simulation as the baseline. They are
also estimated using data, taking the events triggered
independent of the B~ candidates. The estimated efficien-
cies between the two methods agree within statistical
uncertainties, and the difference between efficiencies cal-
culated using data and the nominal value is assigned as a
systematic uncertainty. The uncertainty due to the limited
simulation sample size is propagated to the final result. The
systematic uncertainty on Ry is summarized in Table 1V,
and all the terms mentioned above are added in quadrature.
The ratio of branching fractions is measured to be

Rz =236+0.11 £0.22 £ 0.25,

where the uncertainties are statistical, systematic and that
due to uncertainties on the A} and D* branching fractions.
This measurement is significantly improved with respect to
R = 2.23 +0.78 calculated using values from Ref. [25].

VI. SUMMARY

The B~ — A} AZ K~ decay is studied for the first time in
pp collisions using data collected by the LHCb

experiment, corresponding to an integrated luminosity of
5 tb~!. In the A} K~ invariant mass spectrum, two neutral
excited charm baryon states, Z.(2923)° and £.(2939)°, are
observed. Their masses and widths are in agreement with
those of the states observed in a prompt A7 K~ measure-
ment [7]. These new measurements confirm that the
2.(2930)° state observed in B~ — AF A7 K~ at B-factories
is resolved into two separate states. No resonance structure
is found at higher masses. Evidence for the =, (2880)° state
is found with a significance of 3.8¢. In addition, evidence
of a new E.(2790)° > AfK~ decay is found with a
significance of 3.7c.

The relative branching fraction of B~ — ATAZK™ is
measured with respect to B~ —» DTD K~ as Rp=
236 £0.11 £0.22 £0.25, where the uncertainties are
statistical, systematic and that due to the charm decay
branching fraction. This is the most precise measurement to
date of this ratio.
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