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Two narrow resonant states are observed in the AYK~z" mass spectrum using a data sample of proton-
proton collisions at a center-of-mass energy of 13 TeV, collected by the LHCb experiment and
corresponding to an integrated luminosity of 6 fb~!. The minimal quark content of the AYK~7z" system

indicates that these are excited E baryons. The masses of the =,(6327)° and Z,(6333)° states are
m[E,(6327)°] = 6327.28 703} £0.12 £ 0.24 and m[E,(6333)°] = 6332.69717 £ 0.03 £ 0.22 MeV, re-
spectively, with a mass splitting of Am = 5.411’8“22? + 0.12 MeV, where the uncertainties are statistical,
systematic, and due to the Ag mass measurement. The measured natural widths of these states are consistent
with zero, with upper limits of ['[Z,(6327)°] < 2.20(2.56) and I'[Z,,(6333)°] < 1.60(1.92) MeV at a 90%
(95%) credibility level. The significance of the two-peak hypothesis is larger than nine (five) Gaussian
standard deviations compared to the no-peak (one-peak) hypothesis. The masses, widths, and resonant

structure of the new states are in good agreement with the expectations for a doublet of 1D E resonances.

DOI: 10.1103/PhysRevLett.128.162001

In the constituent quark model [1,2], baryons compris-
ing a b quark and two light quarks (bgq’) form multiplets
based on the symmetries of their flavor, spin, and spatial
wave functions [3]. If ¢ and ¢’ are u or d quarks, these
beauty baryons are classified into the A,‘g and X, baryon
families, where the light diquark spin j,, is O and 1,
respectively. A beauty baryon containing one s quark (bsq)
forms the E, or E, family depending on whether the light
diquark spin j, is 0 or 1. Most of the ground states of these
beauty-baryon families have been observed [4]. Beyond
that many radially and orbitally excited states with higher
masses are predicted by theory [5—14]. In recent years,
several excited A(b) states have been observed [15—-17]. This
motivates further investigations of the lesser known
excited &, states, as the Ag and Z, states have similar
properties due to the approximate SU(3) flavor symmetry
[5]. Recently, the LHCb Collaboration reported the obser-
vation of the E,(6227)" baryon [18] and its isospin
partner, the =,(6227)° baryon [19], and the CMS
Collaboration reported the observation of the Z,(6100)~
baryon [20]. No other excited Z, states have been
observed. There are predictions of two 1D E) baryons

mainly decaying through the = K and ="'z modes [5.9],
where the label 1D refers to a unity radial quantum number
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and a D wave (orbital momentum L = 2) between the b
quark and the light diquark system. A search for these
predicted excited states and studies of their masses, widths,
and decay patterns can provide valuable validation to the
understanding of quantum chromodynamics, which fea-

tures the behavior of strong interactions. The 22*)1( mode
results in a AYK~z* final state.

In this Letter, the observation of a structure with two
narrow peaks in the AgK ~x" mass spectrum is presented
(the inclusion of charge-conjugated processes is implied
throughout this Letter), using proton-proton (p p) collision
data collected by the LHCb experiment at a center-of-mass
energy of /s = 13 TeV, corresponding to an integrated
luminosity of 6 fb~!. A measurement of the mass and width
of each state, and an investigation of the resonant structure
contributing to the three-body decays of the excited E‘,))
states are performed. The resulting properties are consistent
with those predicted states for a 1D Eg doublet [5,9],
hereafter referred to as Z,(6327)° and E,(6333)° states.

The LHCb detector [21,22] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < n < 5,
designed for the study of particles containing b or ¢ quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region [23], a large-area silicon-strip detec-
tor 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 [24] 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
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1.0% at 200 GeV (natural units with ¢ = A = 1 are used
throughout this Letter). The momentum scale of the
tracking system is calibrated using samples of J/y —
utu~ and BT — J/wK™T decays collected concurrently
with the data sample used for this analysis [25,26].
Different types of charged hadrons are distinguished using
information from two ring-imaging Cherenkov detectors
[27]. 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 [28]. The online event selection is performed
by a trigger [29,30] that consists of a hardware stage, based
on information from the calorimeter and muon systems,
followed by a software stage, in which charged particles are
reconstructed and a real-time analysis is performed. At the
hardware stage, the p p collision events are required to have
a muon with high p; or a hadron, photon, or electron with
large transverse energy deposited in the calorimeter. The
software trigger requires a two-, three-, or four-track
secondary vertex with a significant displacement from
any primary pp collision vertex (PV), and at least one
charged particle with a large transverse momentum and
inconsistent with originating from any PV. Simulation is
required to model the effects of the detector acceptance, the
imposed selection requirements and the detector resolution
on the invariant mass spectrum. The pp collisions are
generated using PYTHIA [31] with a specific LHCb con-
figuration [32]. Decays of unstable particles are described
by EVTGEN [33], using PHOTOS [34] and by the GEANT4
toolkit [35,36].

The A(}f baryon is reconstructed using its decays into the
Afx~ and Az~ n"z~ final states, where the A baryon
subsequently decays to the pK~z* final state. All charged
final-state particles are required to have particle-identification
information consistent with their respective mass hypotheses.
A neural network is used to reject misreconstructed tracks
[37]. To suppress combinatorial background from the PV, the
final-state protons, kaons, and pions are required to have
transverse momenta py > 100 MeV, p > 1 GeV, and y3, >
4 with respect to all PVs in the event, where y%, of a particle is
the difference in y? of the vertex fit of a given PV, with the
particle being included or excluded. The reconstructed A}
vertex is required to have y 2, /ndf < 10and y2,, > 36, where
X2 is the y? value of the vertex fit per degree of freedom, and
X3 is the »? distance from the closest PV. The reconstructed
mass must be within a window of +25 MeV (+18 MeV) of
the known A} mass [4] for Az~ (Al z~n"z~) candidates.
The tighter mass cut applied in the Az~ 72"z~ sample is due
to its higher background level. The selected A candidates are
further combined with pion candidates to form Ag candidates,
where the A candidates are required to have y%, /ndf < 10
and a reconstructed proper lifetime larger than 0.2 ps.

A boosted decision tree (BDT) algorithm [38—40] is used
to enhance further the signal purity of the A samples. The
choice of the training variables follows similar strategies as
that for A) - Afz~ [16] and A) > Afz=ztz~ [19]
analysis. For both modes, the following variables are used:
the y# values, the pr, and the y2,/ndf of Al and A)
candidates, the ;(%D, the angle between the reconstructed
momentum and flight direction of the Al and AY candi-
dates, and the quality of particle identification for final-state
pions, kaons, and protons. In addition, the y7, value and p;
of the pion originating from the AY decay are used for the
A) — Afz~ mode, while the y7, and flight-distance sig-
nificance of the pion from the A?, decay, the vertex-fit
quality and the invariant mass of the z~z"z~ system are
used for the A) — Afz~z"z~ mode. The BDT classifier is
trained on data using background-subtracted [41] A‘g
candidates to represent the signal sample, and Ag candi-
dates with Afz~ and Afz "z 7~ invariant mass ranging
between 5700 and 5800 MeV (higher-mass sideband) to
represent the background sample. Since the training sam-
ples are also used for the further analysis, the k-fold cross-
validation technique [42] with k = 10 is applied to avoid
any possible effect of overtraining. The chosen working
point of the BDT classifier rejects half of the combinatorial
background, with a negligible reduction on the signal
efficiency. The resulting A) signal yields in the selected
samples are 966 000 and 533 000 for the Ag — Alz~ and
A) — Afz~n"n~ decays, respectively. The invariant mass
of selected A) - Az~ and A) - Atz z"z~ candidates
is shown in the Supplemental Material [43].

The selected A) candidates are further combined with a
kaon and pion stemming from the pp interaction point to
form the A)K~z* candidates. The pion and kaon candi-
dates are required to have yi <9, y2, /ndf <3 and to
have p > 1500, p;(K) > 800, pr(x) > 250 MeV, where
22 /ndf is the track fit y* per degree of freedom. Then AY,
pion and kaon are combined to form AgKﬂ' candidates,
which are required to have a vertex-fit y?> smaller than 20
and an invariant mass of the Agﬂ' system smaller than
5850 MeV. This is 10 MeV higher than the predicted
kinematic maximum value of the Agﬂ' mass for the
E,(6327)° and E,(6333)° states [5]. The AYK~z+ combi-
nations containing the signal decays are hereafter referred
to as the right-sign (RS) sample. For a better modeling of
the background shape from random combinations of A,
K*, and 7~ candidates, the wrong-sign (WS) candidates
are reconstructed in the AYK*z~ final state. The
same selections are applied to both the RS and WS
samples. To improve the mass resolution of the excited
Eg candidates, the reconstructed mass is redefined as
m(A)Kn) = M(A)Kr) — M[Afz~(z"77)] + My, where
My is the known AY mass measured by the LHCb
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FIG. 1. Invariant mass distributions of A) Kz candidates from (left) RS and (right) WS samples. The fit projections are overlaid. The
black points with error bars correspond to the data, and the blue line shows the total fit projection. Individual fit components are listed in

the legend.

Collaboration  [44], M(AYKz), M(Afzr"), and
M(Afn ntzn~) are the invariant masses calculated con-
straining [45] the Al mass to the world average value [4],
and that the AYKz and A) candidates originate in the PV.

The m(A)Kz) distributions of the RS and WS samples
are shown in Fig. 1. Two narrow peaks can be seen around
6330 MeV in the AVK~z" mass spectrum, while no
significant peaking structure is visible in the A2K+7l'_
system. A simultaneous extended unbinned maximum-
likelihood fit is performed to the RS and WS samples to
determine the properties of the peaking structure. Each
peak in the RS sample is modeled as a constant-width
relativistic Breit-Wigner (RBW) function [46] defined as

Csig

fsig[m(AgKﬂ)] = [mz _ mz(AgKﬂ')]z 4 mr?’

where Cg, is a normalization factor, m is the mass of Eg
state, and I" is its mass-independent width. The RBW
function is convolved with a resolution model, parame-
trized as a symmetric variant of the Apollonios function
[47]. The parameters of the resolution function are fixed to
values determined from simulation. The background com-
ponent, which is present in both the RS and WS samples,
is described by a threshold function fy,[m(A)Kr)]=
Cokg[M(AYK 1) —m,|0e=mN KR =m]  where Cyy, is a nor-
malization factor, a, and a; are free parameters in the fit, m,
is the minimum mass of the A2K ~7 " combination, which
corresponds to the sum of the A(b) [44], pion, and kaon [4]
masses. The same shape parameters for the background, a,
and a;, are shared by the RS and WS samples.

The masses and widths of the Z,(6327)° and Z,(6333)°
states are measured to be

m[E,(6327)°] = 6327.28703 MeV,
m[Z,(6333)%] = 6332.697-{ MeV,
I'[E,(6327)°] = 0.9375; MeV,
I'[E,(6333)] = 0251038 MeV,

with a mass splitting of Am = m[=,(6333)%]-
m[E,(6327)"] = 5417035 MeV, and the resulting
5,(6327)° and =,(6333)° signal yields are 134 + 27
and 117 & 24, respectively. The uncertainties listed above
are statistical only.

A likelihood-ratio test statistic is used to estimate the
global significance of the two observed states. For a first
estimation based on Wilks theorem [48], it is assumed that
without these peaks, the value of twice the change of log-
likelihood A; o, 2 = 210g(L ek / Lo) follows a y? distribu-
tion. The symbol L., indicates the maximum likelihood
value with both peaks included in the fit model, while £ is
the value obtained from a null hypothesis with no peak or
one peak included. The number of degrees of freedom of
the y? distribution is the difference of the number of
floating parameters in the default fit and under the null
hypothesis. With this method, the significance of the two-
peak hypothesis is 10.46 and 6.66 with respect to the
no-peak and one-peak hypotheses, respectively, where
o represents a Gaussian standard deviation. Pseudo-
experiments are performed as an alternative method for
estimating the statistical significance of the two-peak
hypothesis with respect to the null hypothesis, including
the no-peak and one-peak assumptions. A total of 200 000
pseudoexperiments are performed based on the null
hypothesis and the A, value is estimated for each of
these. The A, ¢ distribution is parametrized as a shape of
which the tail can be modeled using a y? distribution, with
the number of degrees of freedom allowed to take non-
integer values and determined by fitting the Ao, . dis-
tribution of the pseudoexperiments. When performing the
pseudoexperiments, the look-elsewhere effect is considered
by constraining the peaking position in several different
mass intervals which combined together cover the full mass
interval shown in Fig. 1. The p value of the two-peak
hypothesis is estimated to be 10.2¢ and 6.60, with no-peak
and one-peak assumptions set as the null hypothesis,
respectively. The significance from pseudoexperiments
for the two hypotheses is consistent with the values from
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FIG. 2. Signal yields of the (left) E,(6327)° and (right) &, (6333)° states determined by mass fits to data samples in 5 MeV slices of
the A7z mass spectrum. The black points with error bars correspond to the yields of the E,(6327)° or E,(6333)° states, the blue solid
lines are the total fit projections. Each individual component of the fit model is indicated in the legend.

the Wilks theorem [48], and the lowest values are taken as
the statistical significance of the two observed states.

To study the resonant structure in the excited E) decays,
several AYK~ 7" mass fits to data samples in 5 MeV wide
slices of the A)z mass regions are performed. The default fit
model described previously is used, with the masses and
widths of the two Eg states fixed to the default values. The
signal yields of Z,(6327)° and =,(6333)° states as a
function of the Agﬂ' mass are shown in Fig. 2, where
significant peaking structure corresponding to the X, or X;*
states can be seen. The projections of the binned maximum-
likelihood fits to the distributions are overlaid. The X, and
X, * contributions are modeled using a RBW amplitude with
a mass-dependent width [46,49], with the phase-space
density of a three-body decay [4] and Blatt-Weisskopf
barrier factors [49] considered when constructing the fit
function. The nonresonant contribution (NR) is modeled
using uniform-phase-space simulation and obtained by a
kernel estimation [50]. The interference between the NR
component and the ZE*H resonances is not considered. The
2, (6327)° state predominantly decays to X, K. About half
of the E,,(6333)° baryons decay without A)z " resonances,
while the rest is dominated by the decay through the ;"
intermediate structure. The resonant structure is consistent
with the theoretical predictions for a doublet of 1D =9 states
[5,9], where the ZZK ~ process dominates the decay of the
lighter state, while the X,"K~ mode has a significant
contribution to the decay of the heavier one.

Several sources of systematic uncertainties are consid-
ered for the mass and width measurements. The uncertainty
related to the momentum scale is evaluated by varying the
momentum scale within its known uncertainty of 3 x 10™*
[25,26], and determining the effect on the mass and width
parameters. To estimate the systematic uncertainties related
to the choice of the functions used to model the signal and
background shapes of the A)Kz invariant mass spectra,
several alternative fit models are used. The RBW functions
with mass-dependent widths [46,49] are used to model the

=Y states, where the phase-space factors and barrier factors
are calculated assuming the Z9 decays to occur through the
) > X K~ or B) - X, 7K~ two-body processes. For
these RBW functions, the orbital angular momentum of
the X K~ system is varied between 0 and 3 and the Blatt-
Weisskopf barrier radius [49] between 1.0 and 5.0 GeV~!.
Polynomial functions with order between 2 and 4 are used
as alternative models to describe the background and to
estimate the corresponding systematic uncertainties. An
alternative AgKJZ’ invariant-mass fit is performed using the
default model but with only the RS sample, and the
variation of the mass and width parameters are considered
as the systematic uncertainties accounting for the potential
discrepancy between the shapes of WS sample and RS
background components. Alternative resolution functions,
either the sum of two Crystal Ball [51] or of two Gaussian
functions, are used to model the detector resolution effect.
To consider the potential difference of mass resolution
between data and simulation, the resolution determined by
simulation is varied by +10% [16,18,52-54] and the
impact on the fit result is assigned as uncertainty. About
10% of the selected pp collision events contain more than
one A(b)K ~n* candidates, and these are retained in the data
sample. As an alternative event-selection algorithm, only
one candidate is kept for each event, and the variations of
the mass and width parameters are treated as an additional
source of systematic uncertainty. The significance of the
two-peak structure is estimated based on all alternative fit
models, and the smallest value is taken as the significance
including systematic uncertainties. The significance of the
two-peak structure is 9.9¢ and 5.8¢ with respect to the no-
peak and one-peak hypotheses, respectively. As the recon-
structed mass of the Z) candidates is defined using M A AS

an input, a corresponding uncertainty is considered. The
value of Mo is taken from the AY mass measurement
performed by the LHCb Collaboration [44], where the Ag
candidates are reconstructed with several A) decays
excluding the A) - Afz~ and A) - Afz"z"z~ in this
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TABLE 1. Systematic uncertainties on masses and widths (in
MeV) for the E,(6327)° and E,(6333)° states, and uncertainties
from the Ag mass measurement [44]. The systematic uncertainties
due to the imperfect knowledge of the momentum scale (syst.
momentum scale), systematic uncertainties from other sources
(syst. excl. momentum scale), and the statistical uncertainties
(stat.) are also listed as individual terms in this table.

2,(6327)° E,(6333)°
Source m r m I Am
Momentum scale 0.06 0.06 0.03 0.04 0.03
Signal shape 0.01 0.12 0.00 0.25 0.01
Background shape 0.01 0.17 0.01 0.15 0.00
Resolution model 0.05 0.20 0.01 0.25 0.05
Multiple candidates 0.09 0.02 0.01 0.23 0.11
Total systematic uncertainty 0.12 0.30 0.03 0.45 0.12
AY mass (syst. momentum scale) 0.12 --- 0.12 .- ...
A) mass (syst. excl. momentum 0.05 --- 0.05
scale)
Ag mass (stat.) 0.16 --- 0.16
Total uncertainty from AY mass 0.24 - 022

analysis. Therefore, the statistical uncertainty of the AY
mass measurement is treated as an uncorrelated source of
uncertainty. Among all sources of uncertainties of the AY
mass result, only the systematic uncertainty related to the
momentum scale is fully correlated with the corresponding
uncertainty in this analysis, whereas the other systematic
uncertainties are assumed to be uncorrelated. The total
systematic uncertainty on the mass and width is calculated
as the sum in quadrature of the different sources and
summarized in Table 1.

The method to set an upper limit on the width is based on
the Bayesian credibility level with a flat prior for non-
negative width [4,55]. The upper limits of the widths of the
E,(6327)° and E,(6333)" states are evaluated by convolv-
ing the likelihood profiles with the total uncertainty of the
width parameters in Table I, and finding the values that
cover 90% or 95% of the integrated probability.

In summary, two new states, Z,(6327)° and Z,(6333)°,
are observed in the AY)K~ 7" mass spectrum, where the AY
baryon is reconstructed in the A7z~ and Az~ z" 7~ final
states. The significance of the two-peak hypothesis is larger
than 90 compared to the no-peak hypothesis and So
compared to the one-peak hypotheses in terms of
Gaussian standard deviations. The masses of these two
states are measured to be

m[E,(6327)°] = 6327281037 +0.12 + 0.24 MeV,
m[E,(6333)"] = 6332.69"( +0.03 £ 0.22 MeV,

where the first uncertainties are statistical, the second
systematic, and the third is due to the A mass measurement.
The corresponding widths are consistent with zero, and
upper limits at 90% (95%) credibility level are set,

r
r

5

»(6327)°] < 2.20(2.56) MeV,
»(6333)°] < 1.60(1.92) MeV.

5

The mass differences between the excited E'.g baryon and the
ground state A) baryons are measured to be

m

5]

5(6327)°] = M o = 707.661957 + 0.12 MeV,

m[8,(6333)°] = Mo = 713.0723§ + 0.03 MeV,

]

with a mass splitting between the two 52 states of
0.26
Am = 5417359 £0.12 MeV,

where the uncertainties are statistical and systematic, respec-
tively. This is the first observation of two states decaying to
the AgK ~z" final state. Their masses, widths, and decay
patterns are consistent with the predictions [5,9] for a doublet
of 1D E) states with J* =3/2" and 5/2°".
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