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Abstract

Two new excited states, £2.(3185)" and §2.(3327)°, are observed in the ZF K~
invariant-mass spectrum using proton-proton collision data collected by the LHCb
experiment, corresponding to an integrated luminosity of 9fb~!. Five previously
observed excited (20 states are confirmed, namely §2.(3000)°, £2.(3050)°, £2.(3065)°,
2:(3090)°, and £2.(3119)°. The masses and widths of these seven states are
measured with the highest precision to date.
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Singly charmed baryons consist of one charm quark and two lighter quarks. Due to
the large mass difference between the charm quark and the lighter quarks, the singly
charmed baryon mass spectrum can be described systematically in heavy quark effective
theory (HQET) |1]. Many excited states are expected by HQET because of the many
degrees of freedom of the three-quark system. In 2017, the LHCb collaboration reported
the observation of five new narrow 29 states decaying to the = K~ final state [2]. Four
of them have been confirmed in eTe™ collisions by the Belle collaboration [3] and in the
=1 K~ invariant-mass projection of 2, — =K~ 7~ decays by the LHCb collaboration [4].
The inclusion of charge-conjugate processes is implied throughout this Letter, unless stated
otherwise.

Most theoretical studies interpret these states as excited bound states [5-21]; however,
the schemes for matching their masses and quantum numbers are divergent among different
studies. The lattice QCD calculation of Ref. [22] presents a rich invariant-mass spectrum,
including dozens of D— or F—wave excited states. In other studies, the £2.(3050)° and
2:(3090)° states are interpreted as baryon-meson molecular (quasi-bound) states [23/25].
The most likely molecular structure of the £2.(3050)" state is = é}_( , and another possibility
is 29). The 2.(3090)° state is argued to be a pure molecular state of = D. Finally, some
theoretical studies [26,127] also suggest the presence of three pentaquark states (sscqq)
with masses very close to the £2.(3065)°, £2.(3090)°, and §2.(3119)° states, which may
indicate the presence of a considerable sscqg component in these three £2° baryons. In
addition, another sscqq state is predicted with a mass of ~2980 MeV (natural units are
used throughout this Letter). The branching fractions of excited 29 baryons to final states
such as Z.m, 2.1, etc., may depend on the internal molecular or pentaquark structure
of these baryons, and thus provide a way to elucidate their inner structure. Besides,
searching for new excited states is another way to experimentally study the charmed
baryon spectrum.

This Letter presents an updated analysis of the =1 K~ invariant-mass spectrum, using
proton-proton (pp) collision data collected by the LHCb experiment from 2011 to 2018
at center-of-mass energies of 7, 8 and 13 TeV, corresponding to integrated luminosities
of 1, 2 and 6fb !, respectively. Grouped by trigger strategy, data recorded in 2011-2015
is referred to as data set 1, and data collected in 2016-2018 is referred to as data set 2.
The increased charm production cross section at higher center-of-mass energy, the higher
integrated luminosity, and the improvement in the trigger system [28,29] result in a five
times larger sample size compared to the previous analysis [2]. The results presented in
this Letter supersede the previous mass and width determinations [2].

The LHCD detector [30,[31] is a single-arm forward spectrometer covering the pseudo-
rapidity range 2 < n < 5, designed for the study of particles containing b or ¢ quarks.
Simulated data samples are produced with the software packages described in Refs. [32-36]
and are used to develop the event selection, estimate the invariant-mass resolution, and
model physics processes that may constitute peaking backgrounds in the analysis.

The =ZF(— pK ") candidates are formed with three tracks that do not originate
from any primary pp interaction vertex (PV) and have significant transverse momentum
(pr). Particle identification (PID) requirements are applied to all the final-state tracks
in order to suppress combinatorial background. Additionally, PID vetoes are applied to
suppress background from misidentified charm meson decays. These vetoes are formed
by placing requirements on the invariant-mass of the candidates recomputed with the



relevant change in the particle mass hypothesis. The =} candidates are required to have
a large flight-distance significance from any PV and a small value of x%, defined as the
difference between the vertex fit x2 of the PV reconstructed with and without the particle
in question. The reconstructed = candidates must have an invariant mass in the range of
2450, 2485] MeV, corresponding to about three times the invariant-mass resolution around
the known = mass [37]. Each = candidate is combined with a K~ candidate that
originates from the same PV and has pr greater than 0.4 GeV. The =} K~ combinations
with good vertex quality and pr greater than 4.5 GeV are retained as §2.(X)° candidates,
where X is the mass of the excited state.

A multivariate classifier based on a boosted decision tree (BDT) algorithm [38] and
implemented in the TMVA [39] toolkit is used to further improve the signal purity. The
variables used to train the BDT classifier are: the x? value of the = decay-vertex fit,
the =F flight distance, the angle between the = momentum vector and the line that
connects the = decay vertex with its PV, the x% and pr of ZF and 2,(X)? candidates;
and the x%, pr and particle-identification variables of all final state particles. Due to the
difference in trigger strategies, different BDT classifiers are used for data sets 1 and 2.
The BDT classifier is trained with simulated signal decays generated with the 2012 (2016)
configuration for data set 1 (data set 2), and background candidates taken from the =
invariant-mass sideband region, defined as [2400, 2440] MeV and [2500, 2540] MeV. The
working points are chosen such that the BDT classifier efficiency on the signal is 75%; no
fine-tuned optimization is performed to avoid favoring any particular excited state.

To improve the mass resolution, the variable m(=1 K ™) is defined as the difference
between the invariant mass of the 2.(X)°? and = candidates, to which the known =F
mass [37] is added. The = K~ invariant-mass distribution is shown in Fig. I, where seven
peaking structures are seen. Five of them have been observed in the previous analysis [2],
while the £2.(3185)° and 2,.(3327)° states are observed for the first time. There are no
similar structures in the wrong-sign sample (=1 K™) or in the spectrum of = sideband
candidates combined with a kaon.

To determine the masses and widths of these 2,(X) states, an extended maximum
likelihood fit with bin widths of 1 MeV is performed to the = K~ invariant-mass distri-
butions, simultaneously to data sets 1 and 2. The §2.(X)° contributions are described by
S-wave relativistic Breit-Wigner functions convolved with a Gaussian resolution function
whose width is determined from simulated signal samples. The combinatorial background
is parameterized by an empirical function,

B(Am) = (Am)* x exp(byAm + byAm?), (1)

where Am is the difference between the invariant mass of the = K~ candidate and the
Z 1K~ mass threshold, and a, b; and by are free parameters. In addition, three feed-down
components from partially reconstructed decays of the £2.(3065)°, £2.(3090)°, and £2.(3119)°
resonances are included. These contributions are from 2.(X)° — Z/F(— ZFv) K~ decays,
where the photon is not reconstructed. Their shapes are determined from simulated
samples and are fixed, while their yields are free to vary in the fit.

The fit results are shown in Fig. [I] and summarized in Table [I} In addition to the five
narrow states at lower invariant mass that were previously observed, two new states with
masses of about 3185 MeV and 3327 MeV, denoted £2,(3185)° and (2.(3327)° are observed
with high significance.
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Figure 1: Invariant-mass distribution of the £2.(X)" candidates in (a) data set 1 and (b) data
set 2, with the fit results overlaid. A bin width of 5 MeV is used for plotting. The previously
observed excited 20 states are shown in blue dashed lines. The §2.(3185)° state is shown in the
brown area, and the £2.(3327)" state is shown in the red area. Three feed-down components are
shown as the yellow areas, while the green long-dashed line corresponds to the combinatorial
background.

The enhancement around the =K~ mass threshold is described by the partially
reconstructed decays of £2.(X)" = E'*(— EFy)K~, as was done in the previous analy-
sis [2]. In the exclusive analysis using the 2,7 — 2.(X)°(— ZFK)7~ decay [4], these
feed-down components are excluded by requiring an appropriate signal mass window of
the (2,” baryon, while the threshold enhancement is still present. In the {2, analysis
this structure was modeled as an S-wave Breit—Wigner distribution, but the available
data in Ref. [4] are not sufficient to determine this structure. To check if this structure

Table 1: Fit results of the mass, width, and yield for each state, and for each data set.
Uncertainties are statistical only.

Resonance m (MeV) ' (MeV)  Yield (data set 1) Yield (data set 2)
(2. (3000) 3000.44 +£0.07 3.834+0.23 1225 + 83 7533 £ 263
2.(3050)°  3050.18 £0.04 0.67+0.17 1139 £+ 65 7379 £ 215
2.(3065)°  3065.63 £0.06  3.79 +0.20 2180 £ 99 13046 £ 316
00(3090)0 3090.16 £0.11 8.48+£0.44 2234 £136 14434 £ 486
2:.(3119)% 311898 +0.12  0.60 & 0.63 470 £ 66 3279 £ 234
2.(3185)%  3185.1 £ 1.7 50£7 1642 £+ 367 10278 £ 1565
2.(3327)° 33271 +1.2 205 489 £ 173 3649 + 723




is present in this analysis, the enhancement is fitted using two alternative models: a
Breit-Wigner component with and without the feed down coming from the §2.(3065)°
contribution. The yield of the £2.(3065)" feed down is constrained to be 10% of the
2.(3065)° signal yield for the former. This constraint is equivalent to fixing the ratio
B(£2.(3065)" — =T K~)x B(Z/F — ZF~)/B(£2.(3065)° — ZF K~) to 0.1, which is chosen
due to the small phase space of the 2.(3065)° — ="K~ decay. The yields of the other
feed-down contributions are free to float. Unfortunately, the shape of the £2.(3065)° feed
down and the additional Breit-Wigner structure are too similar to be separated in this
analysis. The relative contributions from these two components can not be determined
from data, and hence this is accounted for as a systematic uncertainty. The existence of
another hidden state cannot be excluded.

The mass difference between the 2.(3185)° and §2.(3327)° baryons is approximately the
mass of the pion. It is possible that partially reconstructed candidates from the £2.(3327)°
decay fall into the (2.(3185) region, such as 2.(3327)° — =,(2645)"(— ZF7%) K~ and
2:(3327)° — E/(— =) K~ decays with the 7° or v not reconstructed. The m (=K ™)
line shapes of such contributions are obtained using the fast simulation toolkit Rapid-
Sim [40]. The feed-down contributions have been studied under different spin structure
hypotheses, and differences from phase-space simulation were found to be negligible. The
fit favors the presence of the £2,(3327)" feed down with the 7° missing. The 2,(3327)°
feed down strongly affects the measured mass and width of the §2.(3185)° baryon, and is
assigned as a systematic uncertainty. None of the models for the §2.(3185)° region can
be ruled out. In addition, the effects of the three-body decay £2.(3327)° — ZF K7 are
checked with a uniform phase-space model, and found to be insignificant on any of the
states when assuming the ratio B(£2,(3327)° — =K~ 7°)/B(§2.(3327)° — ZFK~) to be
unity.

The effects of the Z,(3055)° — =/ (— =), Z.(3055)° — Z.(2645)" (— =77,
and =,(2923/2939/2965)° — ZFx~ decays, for which the pion is misidentified as a kaon
and the 7%/ from the Z.(2645)" /=" decays is missing, are studied and found to be
negligible. The contribution from 2,(3327)° — ZF K*~ is kinematically suppressed.

Several checks are performed to confirm the existence of the observed states and the
stability of the fitted parameters. Each data set is divided into subsamples according
to data-taking conditions, charge combination (=K~ or = K™), or different intervals
of pr(K ™) and pr(=). In all tests, the results are consistent with the default fit. A
two-peak structure also describes the data well in the mass region around 3185 MeV, hence
the presence of two states in this region can not be excluded. The bias from the fit model
itself is estimated using pseudoexperiments. For each parameter, the mean differences
between the fitted values and the input ones are included as systematic uncertainties.

The uncertainty related to the signal model is estimated by fitting the data with
variations in the spin hypotheses and the Blatt-Weisskopf factor [41]. The systematic
uncertainty from the combinatorial background model is estimated by using a fourth-order
Chebyshev polynomial as an alternative function. In addition, a systematic uncertainty is
assigned based on the spread of results obtained by performing the fit with different bin
widths.

Some sources of systematic uncertainty only contribute to the mass measurement,
including the momentum calibration for charged particles, which has a relative accuracy of
0.03% [42/43], and the energy loss due to the imperfect modeling of the detector material,
which results in a 0.04 MeV uncertainty. The differences between simulation and data
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Table 3: Measured mass and natural width for each of the seven £2.(X)° states. The first
uncertainty is statistical and the second is systematic, the third (mass only) arises from the

—_
—

uncertainty of the known = mass.

[

Resonance m (MeV) ' (MeV)
02:(3000)°  3000.44 £ 0.07 *397 +0.23 3.8340.23 £\
2:(3050)°  3050.18 & 0.04 *90¢ + 0.23 0.67 4 0.17 £981

< 1.8MeV,95% C.L.
2:(3065)°  3065.63 & 0.06 T39¢ +0.23 3.79 4 0.20 F9-38
2:(3090)°  3090.16 & 0.11 *5 +0.23 8.48 +0.44 961
2:(3119)°  3118.98 £ 0.12 *395 +0.23 0.60 & 0.63 F0-%0

< 2.5MeV,95% C.L.
2.(3185)%  3185.1+1.7 T4 +0.2 50 £ 7 +19
2.(3327)°  3327.14+1.2 71402 2045 )3

mainly affect the measurement of the natural width of each state. It is calculated by
varying the width of the resolution function by 10% [44].

The systematic uncertainties are summarized in Table 2l After considering the
systematic uncertainty, the significances of the £2.(3185)° and (2.(3327)° states are larger
than 120 and 10 o, respectively. The significance for each state is determined from Wilk’s
theorem using the difference in log-likelihood with and without that signal component.
Other assumptions, such as the two-peak structure, additional feed-down components or a
combination of them cannot be excluded, and are included in the systematic uncertainties.
The results of the measured mass and natural width of all seven states , shown in Table [3]
are the most precise to date, and supersede those in Ref. [2]. The correlations between
these results and those in Ref. [4] are negligible, except for the systematic uncertainty due
to the momentum calibration and energy loss, which are fully correlated. The natural
widths of the £2.(3050)° and (2.(3119)° baryons are very close to zero; therefore upper
limits on them are set at Bayesian 95% confidence level, assuming Gaussian behavior for
both statistical and systematic uncertainties.

In conclusion, the = K~ invariant-mass spectrum is investigated using pp collision
data corresponding to a total integrated luminosity of 9fb™! collected by the LHCb
experiment. A high-purity sample of =} candidates is selected using the Cabibbo-
suppressed decay = — pKtr~. A total of seven excited states is observed: £2.(3000)°,
2:(3050)°, 2.(3065)°, £2.(3090)°, £2.(3119)°, £2.(3185)%, and §2.(3327)°, of which the
2:(3185)° and (2.(3327)° states are observed for the first time, with masses near the
threshold of the =D and ZD* final states. Referring to the lattice QCD result of Ref. [22],
the £2,(3185)" mass is in the predicted range for P-wave states, and the 2.(3327)° mass is
in the range for many possible states. The quantum numbers of these states remain to be
determined.
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