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Abstract

We report the observation of a new structure in the A)7" 7™ spectrum using
the full LHCD data set of pp collisions, corresponding to an integrated luminosity
of 9fb™1, collected at /s = 7, 8 and 13 TeV. A study of the structure suggests its
interpretation as a superposition of two almost degenerate narrow states. The masses
and widths of these states are measured to be

My, (61460 = 614617 +0.33 £ 0.22 +0.16 MeV,

mAb(61 50 = 615251 40.26 +0.22 +0.16 MeV,
Ab(m o o= 29 +13 £03 MV,
Tyeis20 = 21 08 £03 MeV,

with a mass splitting of Am = 6.34 4+ 0.32 + 0.02 MeV, where the first uncertainty
is statistical, the second systematic and the third derives from the knowledge of
the mass of the AO baryon. The measured masses and widths of these new excited
states suggest thelr possible interpretation as a doublet of Ab(lD) states.
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In the constituent quark model [1,2], baryons containing a beauty quark form multiplets
according to the internal symmetries of flavour, spin, and parity [3]. Beyond the A baryon,
which is the lightest beauty baryon, a rich spectrum of radially and orbitally excited
states is expected at higher masses. Several new baryon states have been discovered in
recent years [4-8]. The spectrum of excited states decaying to the A7ttt final state has
already been studied by the LHCb experiment with the discovery of two narrow states [4],
denoted Ap(5912)° and Ay(5920)°. The heavier of these states was later confirmed by
the CDF collaboration [9]. Mass predictions for the ground-state beauty baryons and
their orbital and radial excitations are given in many theoretical works, e.g., [10-13].
In addition to the already observed doublet of first orbital excitations, more states are
predicted in the mass region near or above 6.1 GeV[[]

In this Letter, we document the study of the AY7" 7t~ spectrum (charge conjugation is
implied throughout this article) in the extended mass region between 6.10 and 6.25 GeV,
using pp collision data collected by the LHCb experiment at centre-of-mass energies of 7,
8, and 13 TeV. The combined data set corresponds to an integrated luminosity of 9fb~*.

The LHCb detector [14,15] 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 [16], a large-area silicon-strip de-
tector 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 [17] 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. The momentum scale of the tracking system is calibrated using
samples of JAp — putu~ and BT — JA K™ decays collected concurrently with the data
sample used for this analysis [18,19]. The relative accuracy of this procedure is estimated
to be 3 x 107* using samples of other fully reconstructed b-hadron, K2, and narrow
T (1S) resonance decays. Different types of charged hadrons are distinguished using in-
formation from two ring-imaging Cherenkov detectors [20]. The online event selection is
performed by a trigger [21] 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. The software trigger requires a two-, three- or four-track secondary vertex
with significant displacement from all primary pp interaction vertices. A multivariate
algorithm [22] is used for the identification of secondary vertices consistent with the decay
of a b hadron. Simulated data samples are produced using the software packages described
in Refs. [23-27].

Samples of A} candidates are formed from A}7t~ combinations, where the A} baryon
is reconstructed in the pK~7tt final state. All charged final-state particles are required to
have particle-identification information consistent with their respective mass hypotheses.
Misreconstructed tracks are suppressed by the use of a neural network [28]. To suppress
prompt background, the A decay products are required to have significant x?, with
respect to all PVs in the event, where % of a particle is the difference in x? of the vertex
fit of a given PV, when the particle is included or excluded from the fit. The reconstructed
A} vertex is required to have a good fit quality and to be significantly displaced from all
PVs. The reconstructed A} mass must be within a mass window of £25 MeV of the known

'Natural units with ¢ = h = 1 are used throughout this Letter.



value [29]. Pion candidates are combined with A} candidates to form A} candidates,
requiring good vertex-fit quality and separation of the A decay point from any PV
in the event. A Boosted Decision Tree (BDT) discriminant [30}31] is used to further
reduce the background level. The BDT exploits fifteen variables, including kinematic
variables of the A7 and A? candidates, the lifetime of the A{ candidate, kinematic variables
and quality of particle identification for the final-state pions, kaons and protons, and
variables describing the consistency of the selected candidates with the AY — AF7t~ decay
of a AY baryon [32]. The BDT is trained using background-subtracted [33] A) candidates
as a signal sample and A? candidates from the data sidebands, in the AJ7t™ mass range
5.7 < my+,- <6.1GeV, as a background sample. The k-fold cross-validation technique
with & = 11 is used in the BDT training [34]. The use of a multivariate discriminant
allows the mall level of AY background candidates in the analysis to be reduced by
a further factor of two, keeping almost 100% efficiency for the signal. The resulting
yield of A — AFm decays is (892.8 +1.2) x 10%. A sample of A) — JAppK~ candidates,
with JAp — utu~, is also selected in a similar way as a cross-check. The yield for
this decay mode is smaller, corresponding to (217.540.7) x 10% decays.. The mass
spectra of the selected A) — Af7t™ and A — JAppK~ candidates are shown in Fig. [S1] of
the Supplemental Material of this Letter.

The selected A candidates are combined with pairs of pions compatible with originating
from the same PV as the AY candidate. Only pion pairs with pf“f > 500 MeV are used,
to suppress the otherwise large combinatorial background from soft dipion combinations.
This background is further reduced by using a dedicated BDT discriminant tuned on each
of the two samples with AY — Af7~ and AY — JAbpK™ decays. It exploits the transverse
momentum of the AY7t" 71~ combination, the x? value for the APt 7t~ vertex, the transverse
momenta of both individual pions and the pion pair, as well as particle-identification and
reconstruction-quality [28] variables for both pions. The BDT is trained on simulated
samples of excited beauty baryons with a mass of 6.15GeV as signal and same-sign
Aretret combinations in data, with mporeqe < 6.22GeV, as background. In simulation
unpolarized production of excited beauty baryons is assumed, followed by decays to
the AD7tt7t final state according to a three-body phase-space decay model.

In order to improve the APt 7t~ mass resolution, the A27t™ 71~ combinations are refitted
constraining the masses of the A} baryon (or JAp meson) to their known values [29] and
requiring consistency of the A7t m~ vertex with the PV associated with the AY can-
didate [32]. The mass of the A baryon in the fit is constrained to the central value
of myo = 5618.62 £ 0.16 = 0.13 MeV [35], obtained from a combination of the measure-
ments of the AY mass in AY — x.12pK™ [35], A} — p(2S)pK~, A — JAp 7t pK~ [36]
and A) — JAp A decay modes [18,37] by the LHCD collaboration. The mass distributions
for selected A)7t" 7t~ candidates are shown in Fig. |1l Only AY candidates with a mass
within £50 (20) MeV (approximately three times the resolution) of the known AY mass
for A — Af7t~ (A — JApK™) candidates are used. There is a clear excess of A~
candidates around 6.15GeV over the background for both A{ decay modes. The ex-
cess is initially treated as originating from a single broad state. The distributions are
parameterised by the sum of signal and background components. The signal compo-
nent is modelled by a relativistic S-wave Breit—Wigner function with Blatt—Weisskopf
form factors [38]. The relativistic Breit—Wigner function is convolved with the detector
resolution described by the sum of two Gaussian functions with common mean and
parameters, which are fixed from simulation. The obtained effective resolution is 1.7 MeV.
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Figure 1: Mass distribution of selected Am™n~ candidates for the (top) A) — Afn~ and
(bottom) AY — JAppK~ decay modes.

The background component is parameterised with a second-order polynomial function.
Extended unbinned maximum-likelihood fits to the A7t~ mass spectra are shown
in Fig. [Il The corresponding parameters of interest are listed in Table [T}

The mass and width of the structure agree between the A)— Afm~ and

Table 1: The yields, N, masses, m, and natural widths, I', from the fits of a single broad state
to the AYmtt 7™ mass spectra.

A)— Afm mode  A)— JAppK™ mode

Nt e 3117 + 240 431+ 97
m [MeV] 6149.6 + 0.3 6151.5 + 1.0
r [MeV] 9.6+ 1.0 9.7+2.9



A) — JApK~ samples. The statistical significance for the signals is estimated using
Wilks’ theorem [39]. It is found to exceed twenty-six and nine standard deviations for
the A — Af7t~ and A) — JAppK~ decay modes, respectively. The fitted parameters
exhibit very modest dependence on the choice of the orbital momentum for the relativistic
Breit—Wigner function and the Blatt—Weiskopf breakup momenta [38]. The signal yields,
masses and widths are found to be consistent for the different data-taking periods and
between the AVttn~ and A7t 7~ final states.

Since the mass of the new structure is above the Z}(D*)iTEJF kinematic thresholds,

the AD7t" 7t~ mass spectrum is investigated in A?7t* mass regions populated by the Eg) * res-
onances. The data are split into three nonoverlapping regions: candidates with a AY7t*
mass within the natural width of the known E§ mass; candidates with a A7t mass within
the natural width of the known ¥;* mass; and the remaining nonresonant (NR) region.
The A7t 7t~ mass spectra in these three regions are shown in Fig. . Only the larger
sample of A candidates selected via the AY — Afmn~ decay mode is used here and in
the remainder of this Letter. The spectra in the ¥}, and ¥} regions look different and
suggest the presence of two narrow peaks.

Doublets of orbitally excited states are predicted in the mass region near the observed
peaks [10-13]. The spins and parities of the states in the doublet determine the lowest
allowed orbital angular momentum in the two-body Eé*)irﬁ transition. The intensities
of the transitions can be enhanced or suppressed depending on the angular momentum
assignment. Heavy quark effective theory (HQET) also predicts different decay rates of
the doublet members to the ¥t and X7 7cT final states [40]. To probe the two-resonance
hypothesis, a simultaneous fit to the mass spectra in the three AY7t* mass regions is
performed. For each region, the fit function consists of two signal components and
a background component described by a second-order polynomial function. The sig-
nal components are modelled by relativistic Breit—Wigner functions convolved with
the detector resolution. For the >, region, the signal components describe two-body
intermediate states Zf)[TEZF in P- and D-wave for the low-mass and high-mass states, re-
spectively. For the X} region, S- and P-wave are chosen for decays of low- and high-mass
states, respectively. These choices are motivated by the possible interpretation of the new
states as a doublet of A, (1D)° states [10/{13]. The masses and widths of the two states
are taken as common parameters for the three regions, while the other parameters, namely
the signal and background yields and background shape parameters, are allowed to vary
independently. The two signal components are added incoherently, assuming interference
effects are negligible, since a coherent production of the states in the complex environment
of pp interactions is unlikely.

The results of the simultaneous extended unbinned maximum-likelihood fit to
the A)ttm~ mass spectra in the three AY7* mass regions are shown in Fig.
The two-signal hypothesis is favoured with respect to the single-signal hypothesis with
a statistical significance exceeding seven standard deviations. The masses, m, and the nat-
ural widths, T, of the two narrow states, referred to hereafter as A,(6146)° and Ay, (6152)°,
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Figure 2: Mass distributions of selected Ag7T+7t_ candidates for the three regions in Agﬂi mass:
(top) X, (middle) ¥} and (bottom) nonresonant (NR) region.

are measured to be

Mayeuep = 06146.17 £ 0.33 MeV
Ma o150 = 6152.51 4 0.26 MoV,
Tneuge = 2.0 £1.3 MoV,
Tajeszp = 2.1 £0.8 MeV,

with a mass splitting of Am = 6.34 £ 0.32MeV, where the uncertainties are statistical

bt
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Figure 3: Background-subtracted mass distribution of (left) AY7r™ and (right) AV~ combinations
from (top) Ap(6152)° — AVt and (bottom) A (6146)° — Almtm— decays. Results of fits
with a model comprising ¥, 3} and nonresonant (NR) components are superimposed.

only. While these new states are denoted as Ay, their interpretation as other excited
beauty baryons, such as neutral 3 states, cannot be excluded.

To probe further the resonance structure of the Ay(6146)°— Al and
Ap(6152)° — Alrt7r— decays, the background-subtracted A97* mass spectra are stud-
ied. The SPLOT technique [33] is used here; it projects out the signal components from
the combined signal-plus-background densities using MpOtr— 8S A discriminating vari-
able. The resulting AP7™ mass spectra are shown in Fig. . The spectra are fit with
three components, describing the contributions from fo, El’gi and nonresonant decays.
Relativistic S- and P-wave Breit—Wigner functions are used to describe ¥ — Ar*
and Eé*)i — A7t decays, respectively. The choice of the orbital angular momentum
is based on the quark model expectation of spin % for A and ¥, baryons and % for
¥; states. Since the resolution on the AYm* mass is much better than the natural



Table 2: Summary of the systematic uncertainties for the masses, m, and widths, I', of
the Ap(6146)° and Ay (6152)° states. All values are in keV.

Source Ap(6146)° Ap(6152)°
m r m r

Momentum scale 80 — 80 —
Signal model 50 50 20 20
Resolution model 15 270 < 10 310
Background model 30 30 30 20
Total 100 280 100 320
Including A mass systematic 220 280 220 320

widths of the E,(D*)i states, resolution effects are neglected. The nonresonant component
is parameterised as a product of two-from-three-body decay phase space functions [41]
and a first-order polynomial function. The masses and widths of the E](D*)i states are
fixed to their known values [8]. The results of extended unbinned maximum-likelihood
fits to the background-subtracted AP7* mass distributions are shown in Fig. , and
are presented in Table [S3| of the Supplemental Material. Significant Ab(6152)0 — NEmt
and Ab(6152)0—> E?;iTﬁ signals are observed, accounting for approximately one-third
and one-quarter of the signal decays in the sample, respectively. The statistical signifi-
cance of the contributions is in excess of seven and five standard deviations, respectively.
For the Ay,(6146)° state, A,(6146)° — S 7T decays account for about half of the observed
decay rate with a statistical significance in excess of six standard deviations. No significant
Ay (6146)° — SERT signals are observed.

Several sources of systematic uncertainty are considered. The most important source
of systematic uncertainty on the mass measurements derives from the knowledge of the
momentum scale. This uncertainty is evaluated by varying the momentum scale within
its known uncertainty [19] and rerunning the mass fit. The second uncertainty arises from
the assumed parameters of the Breit—Wigner functions. To estimate this uncertainty,
the orbital angular momentum is changed from L = 0 to 2 for all signal components and
the Blatt—Weisskopf breakup radii are varied from 1.5 to 5GeV ™!, Since the states are
narrow and far from the thresholds, the fitted masses and widths have only very small
dependency on the assumed parameters. The maximal changes to the fitted parameters
with respect to the baseline fit are assigned as systematic uncertainties. The impact of
the background model is evaluated by varying the order of the polynomial functions from
two to four. A further source of uncertainty on the determination of the natural widths
arises from known differences in resolution between data and simulation. This effect is
assessed by varying conservatively the width of the resolution function by +10%, based
on previous studies [5},7,42-45].

The different sources of systematic uncertainty are summarised in Table 2] In all
cases they are smaller than the statistical uncertainties. A large part of the systematic
uncertainty cancels for the mass splitting, Am, between the Ay, (6146)° and A, (6152)° states.
The remaining systematic uncertainty for Am is 20 keV. An additional uncertainty arises
due to the value of the A? mass used in the constrained fit. The statistical uncertainty on
the A? mass introduces an uncertainty of 0.16 MeV on the A,(6146)” and Ay,(6152) masses.
This uncertainty is quoted separately. The systematic uncertainty on the constraint is



correlated, through the momentum scale, with the masses measured in this analysis and
is instead included in the final systematic uncertainty in Table [2]

In summary, a new structure with high statistical significance is observed in
the AY7tt7t~ mass spectrum using AY — A7t decays, and confirmed using a sam-
ple of A? baryons reconstructed through the A?— JAppK~ decay. An analysis of
the AY7tt7t~ mass spectra for the regions enriched by the Z,(O*)i resonances suggests
the interpretation of the structure as two almost degenerate narrow states, denoted as
Ap(6146)° and Ay, (6152)°. The masses and natural widths of these states are measured to

be

M, o1ae = 6146.17 £0.33 £0.22 £ 0.16 MV,
My, 1520 = 6152.51 4 0.26 4 0.22 + 0.16 MV,
Ty = 2.9 1.3 £03 MV,
Taersz = 21 £08 £0.3 MeV,

where the first uncertainty is statistical, the second systematic and the third for the mass
measurements due to imprecise knowledge of the mass of the AY baryon. The mass
differences with respect to the AY mass are measured to be

Mg, o160 — Ma0 = 526.55 % 0.33 £+ 0.10 MoV,
Mg, 1520 — Ma0 = 532.89 % 0.26 % 0.10 MeV

and the mass difference between the two states is measured to be 6.34 + 0.32 4+ 0.02 MeV.

The masses of the two states measured in this analysis are consistent with the pre-
dictions for the doublet of A, (1D)° states with quantum numbers (spin J and parity P)
JP = %+ and ng [10,/13]. Similar natural widths are expected for the two states of
the doublet in HQET [40]. The observed decay pattern, where one of the states decays to
both ¥}, with J¥ = %Jr and Y with J¥ = %+, while the other decays primarily to X, is
also consistent with the above assignment. However, the interpretation of these states as

excited XY states cannot be excluded.
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Observation of new resonances in the ATt~ system

Supplemental Material
The A) — Afn~ and A} — JAp pK~ candidates

The mass distributions for selected A — AF7t™ and A) — JAppK~ candidates are shown
in Fig. The distributions are fit with a sum of a signal and a background component.
The signal component is parameterised by a modified Gaussian function with power-law
tails on both sides of the peak,

ny,+1 Lt
L —
A (nL+1—ch(ocL+6m)> for dm < —ua,
1 15 2
G (m; u, 0, o, X, ML, NR) X e 2% for —ap < om < ag,
V2mo
— nr+1
R
Agr <nR+1—ch(ch—5m)> for dm >  ag,

where dm = mT_”, nr > 0, apr > 0 and Apg = ﬁe’%o‘%ﬂ. The background is
parameterised by the product of an exponential function and a second-order polynomial

function. The signal yields are listed in Table

Table S1: The signal yields for A) — Af7~ and A) — JAppK ™ decays.

Decay mode N [10%]
AY 5 AFm 892.8 + 1.2
A) — JAppK~ 217.5£0.7

Results of the simultaneus fit to A)7wT7m~ mass spectra in
the three AthjE mass regions

The yields of the A,(6146)° and Ay (6152)° signals from the simultaneous extended un-
binned maximum-likelihood fit to the AY7tt7t~ mass spectra in the three A)7t* mass
regions are presented in Table. [S2]

Table S2: The yields of the A,(6146)° and Ap(6152) signals in the three A7 mass regions.

Y, region 2 region NR region
Ny, 1460 67 £40 460 £ 92 624 + 136
Ny, 61520 357 £ 52 305 £ 70 510 £ 109

Results of the fits to background-subtracted AgﬂtjE mass spectra

The yield of Ay(6146)° — 2](3*)171; and A, (6152)° — ZS«)iﬂ; decays, determined from fits
to the background-subtracted A7t mass distributions, are summarized in Table
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Figure S1: Mass distribution of selected AY candidates from the (top) AY — Af7~ and (bot-
tom) Af — JAppK™~ decay modes.
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Table S3: The yields, N, and statistical significance, Sy, of the Ay, (6146)° — El()*)irﬁ and

Ap(6152)° — El()*)iﬂjF signals from the fits to the background-subtracted AY7* mass distributions.

N Sw

Ap(6152)° — S 213 + 44 7.80
Ap(6152)° = So 7t 208 + 43 7.60
Ap(6152)° — St 163 + 45 5.30
Ap(6152)° = Sr-mt 141 £ 45 4.50
Ap(6146)° — S 53 =+ 30 2.30
Ap(6146)° — B mt 0+ 20 —

Ap(6146)° — Srfn 285+ 51 8.40
Ap(6146)° — SF~mt 227 452 6.30
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