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A study of excited /\g baryons is reported, based on a data sample collected in 2016-2018 with the
CMS detector at the LHC in proton-proton collisions at a center-of-mass energy of 13 TeV, corresponding
to an integrated luminosity of up to 140fb~'. The existence of four excited AJ states: AJ(5912)0,
A2(5920)°, AJ(6146)°, and AL(6152)° in the AD7t* 7t~ mass spectrum is confirmed, and their masses
are measured. The Agrt+7r‘ mass distribution exhibits a broad excess of events in the region of
6040-6100 MeV, whose origin cannot be discerned with the present data.
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1. Introduction

Studies of excited baryonic states are an important aspect of
hadron spectroscopy and help to shed light on the mechanisms
responsible for dynamics of quarks and baryon formation. In par-
ticular, spectroscopy of baryons that contain a heavy-flavor quark,
such as the /\g baryon, can test predictions of heavy-quark ef-
fective theory [1]. A number of theoretical calculations exist for
various orbital and radial excitations of the ground state baryons
containing a b quark [2-16], including those of the /\g baryon. In
general, there are a number of excited /\g baryon states predicted
in the 5.9-6.4GeV mass range. However, predictions are very di-
verse in terms of the specific mass spectrum and do not point
to any common narrow mass region in which to search for these
excited states. As an additional complication, the widths and the
production cross sections of various excited states are generally
unknown. This situation makes experimental searches for excited
heavy-quark baryons both challenging and important for testing
various theoretical models.

The existence of two narrow excited AD states, AD(5912)°
and A2(5920)°, in the AJn*m~ invariant mass spectrum near
the kinematic threshold was reported by the LHCb Collabora-
tion in 2012 [17] (charge-conjugate states are implied throughout
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this Letter). The measured masses are M(/\g(5912)°) =5911.97 +
0.67MeV and M(Ag(5920)0) =5919.77 £ 0.67MeV, and the re-
spective natural widths were found to be below 0.83 and 0.75 MeV
at 95% confidence level. The latter state was confirmed by the CDF
Collaboration [18] soon thereafter with the mass measured to be
M(AD(5920)°) = 5919.22 4 0.76 MeV. The precision of these mea-
surements was limited by the large uncertainty in the /\g mass
at the time; the current world-average values M(Ag(5912)0) =
5912.20+0.21 MeV and M(/\g(5920)0) =5919.92+0.19MeV [19]
are based on the updated /\g mass measurement [20,21]. Re-
cently, the LHCb experiment has also presented an observation
of two narrow higher-mass states in the /\gﬂﬂf spectrum, with
the following masses and widths [22]: M(A2(6146)%) = 6146.17 &
0.43MeV, T'(A2(6146)%) = 2.9 + 1.3MeV, and M(AQ(6152)°) =
6152.51 +0.38 MeV, F(/\g(6152)°) =2.1£0.9MeV.

In this Letter, a study of the /\871““7(‘ invariant mass dis-
tribution in the 5900-6400 GeV range by the CMS Collaboration
is reported. Both the A2(5912)° and AJ(5920)° states near the
kinematic threshold are confirmed and their masses are mea-
sured. In addition, the /\gn+7r‘ distribution is investigated in the
higher-mass region and signals consistent with the /\8(6146)0 and
/\8(6152)0 states are observed. The ground state baryon /\g is re-
constructed via its decays into the J/W A and ¥ (2S)A channels.
The analysis uses the proton-proton (pp) collision data recorded
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with the CMS detector in 2016-2018, during the CERN LHC Run 2
at /s =13 TeV, corresponding to an integrated luminosity of up to
140fb 1.

2. The CMS detector

The central feature of the CMS apparatus is a superconduct-
ing solenoid of 6 m internal diameter, providing a magnetic field
of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter, and
a brass and scintillator hadron calorimeter, each composed of a
barrel and two endcap sections. Forward calorimeters extend the
pseudorapidity coverage provided by the barrel and endcap detec-
tors. Muons are detected in gas-ionization chambers embedded in
the steel flux-return yoke outside the solenoid. A more detailed
description of the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic variables, can
be found in Ref. [23].

Events of interest are selected using a two-tiered trigger sys-
tem [24]. The first level (L1), composed of custom hardware pro-
cessors, uses information from the calorimeters and muon detec-
tors to select events at a rate of around 100 kHz within a time in-
terval of less than 4ys. The L1 trigger used in the analysis required
at least two muons. The second level, known as the high-level
trigger (HLT), consists of a farm of processors running a version
of the full event reconstruction software optimized for fast pro-
cessing, and reduces the event rate to around 1kHz before data
storage. The set of HLT algorithms used in the analysis requires
two opposite-sign (OS) muons with various pseudorapidity 7 and
transverse momentum pr thresholds, compatible with being pro-
duced in the dimuon decays of J/{ or 1 (2S) mesons. Given that
no single trigger algorithm is dedicated to the decay signature of
interest, the analysis uses a combination of several triggers, with
integrated luminosities up to 140 fb~".

3. Event selection

The event selection begins by requiring two OS muons pass-
ing the CMS soft-muon identification criteria [25] with pt > 3GeV
and |n| < 2.2. The muons must form a common vertex with a x?2
fit probability (Pytx) greater than 1%. The dimuon invariant mass
is required to satisfy 2.90 < M(utpu™) <3.95GeV. If M(utp™) is
below 3.4 GeV, the dimuon system is considered to be a J/{ can-
didate, or a \(2S) candidate otherwise.

Another 1 (2S) decay channel is also used to increase the signal
yield: P (2S) — J/bntn~ — ptu . Two additional, high
purity [26], OS tracks, assumed to be pions and labeled T 25),
are required to have pr > 0.35GeV. They are fit to a common
vertex with a J/U candidate, using a world-average ]J/{ me-
son mass [19] constraint. The invariant mass of the J/{ candi-
date and the two tracks must satisfy the requirement 3672 <
M/t ™) < 3700MeV, corresponding to a window centered
on the world-average \{ (2S) meson mass, with a half-width of ap-
proximately three times the corresponding mass resolution.

A A candidate is formed from a displaced two-prong vertex,
assuming the decay A — p7t—, as described in Ref. [27]. The p7t™
invariant mass is required to be within +10MeV of the world-

average A baryon mass m';\DG [19], which corresponds to approx-

imately three times the A candidate mass resolution. The two

tracks are refitted with their invariant mass constrained to mII’\DG,

and the obtained A candidate is required to have Py > 1%.

To form the /\g candidates, the J/1 or ¢ (2S) candidate and the
A candidate are fit to a common vertex with Py > 1%, where the
world-average J/1{ or 1 (2S) mass [19] constraint is applied to the
muon pair. In the case of the {(2S) — J/\pmtnt~ decay channel,
only the J/1p — ptp~ mass constraint is used.

The primary vertex (PV) associated with the /\g candidate is se-
lected among all the reconstructed vertices by requiring the small-
est angle between the reconstructed /\g candidate momentum and
the vector pointing from this vertex to the /\g decay vertex. The
PV is then refitted after removing the tracks associated with the A
and either the J/1 or ¥ (2S) candidates. The decay length of the
/\g candidate in the transverse plane, Lyy, is computed as the two-
dimensional distance between the PV and the /\g decay vertex,
and is required to exceed three times its uncertainty. This selec-
tion helps to suppress the combinatorial background. In addition,
the transverse momentum of the /\g candidate is required to be
well aligned with the transverse displacement vector: cos« > 0.99,
where « is the angle between the projections on the plane trans-
verse to the beams of the /\g candidate momentum and of the
vector connecting the PV with the /\g decay vertex. The num-
bers of /\g signal candidates after these requirements are about
39000, 3400, and 4300 for the J/W A, W(RS)A (W(2S) — utu™),
and P (2S)A (P (2S) — J/pmttm™) channels, respectively.

The /\871*7[* candidates are formed by combining the selected
/\g candidates with two OS tracks originating from the PV, as in
Refs. [28-30], since the lifetime of excited /\g states is expected
to be negligible, resulting in prompt decays. Combinations of a
/\g candidate with two prompt same-sign (SS) pions are used as
a control channel and form the SS control region, as opposed to
the OS signal region. The higher-pt pion of the pair is labeled
nf and the lower-pt pion thi. To improve the /\87{*7[‘ invari-
ant mass resolution, all tracks forming the PV and the selected /\g
candidate, taken as a single “pseudo-track” with the momentum,
its uncertainty, and the assigned mass equal to those of the /\g
candidate, are refit to a common vertex. The Ag7'c+7'r* invariant
Mass M0+ - is then calculated using the momenta of parti-

cles returned by this vertex fit through the relation m A

Tt

Mt ™) = M(AD) + mljf’oc, where mlj?oc =5619.60 £ 0.17 MeV
b b

is the world-average /\g baryon mass [19]. The PV refitting proce-
dure improves the /\gn+n‘ mass resolution by up to 50%. Unless

specified otherwise, multiple /\871*7[* candidates found in the
same event are not discarded.

4. Simulated samples and selection optimization

Several simulated signal samples with different masses of ex-
cited /\g states are used in the analysis. The pyTHIA 8.230 pack-
age [31] is used to simulate the production of the excited /\g
states. The Zg baryon, with a modified mass value, is used as a
proxy for an excited /\g baryon. The decays are described with
EVTGEN 1.6.0 [32]. Final-state photon radiation is included in EvT-
GEN using PHOTOS [33,34]. Generated events are then passed to a
detailed GEANT4-based simulation [35] of the CMS detector, fol-
lowed by the same trigger and reconstruction algorithms used for
collision data. The simulation includes effects from multiple pp in-
teractions in the same or nearby bunch crossings (pileup) with the
multiplicity distribution matching that observed in data.

Simulated samples are used to optimize the selection criteria
using the Punzi figure of merit [36], i.e., optimizing the value of
S/(% + +/B), where S is the simulated signal yield and B is the ex-
pected background, as estimated using the SS control region. This
optimization scheme is independent of the signal normalization.

The selection requirements are optimized separately for the
low-mass m/\grﬁrr < 5950MeV and high-mass 5950 < m/\gnm,

< 6400MeV regions, using the AD(5912)° and AD(6150)° simu-
lated signal samples, respectively. For the low-mass region, the op-
timized criteria are: pT(nf) > 0.3GeV, pT(nli) > 0.35GeV, cosa >
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Fig. 1. Invariant mass distribution of the selected /\gnﬂr’ candidates near thresh-
old. The vertical bars on the data points display the statistical uncertainties in the
data. The overall fit result is shown by the thick solid line, with the thin and dashed
lines representing the signal and combinatorial background components, respec-
tively.

0.995, cosa®P > 0.995, and pr(7y,55) > 0.4GeV, where o is
a three-dimensional analog of the angle «. For the high-mass
region, the optimized requirements are found to be pT(nﬁc) >
0.7GeV, pr(ny) > 1.4GeV, pr(AD) > 16GeV, Pyx(AD) > 2%, and

P\,tx(/\gﬂ*n*) > 8%. In the high-mass region, due to higher back-

grounds, if multiple excited /\g candidates in an event pass the

above requirements, only the highest pr candidate is kept. In the
low-mass region the average number of candidates per event is
very close to one, while in the high-mass region it is around two.

5. Observed Ag7r+7t‘ invariant mass spectra

The observed invariant mass distribution m A9 _ of the se-

it
lected signal candidates near the threshold is shown in Fig. 1. The
two narrow peaks corresponding to the A2(5912)° and A9(5920)°
baryons are modeled with double-Gaussian functions with the res-
olution parameters fixed to those obtained in simulation (effective
resolutions are about 0.6 and 0.8 MeV). The background is mod-
eled with a threshold function (x — xo)ﬂ, where xg is the mass
threshold value. The value of B, as well as the masses and nor-
malizations of the two signal functions, are free parameters of
an unbinned maximum-likelihood fit to data. The best-fit signal
yields are 28.4 + 5.8 and 159 4+ 14 events, and the measured
masses are 5912.32 +0.12MeV and 5920.16 + 0.07 MeV, respec-
tively, where the uncertainties are statistical only. The presence of
each of the peaks is established with a statistical significance of 5.7
and well over 6 standard deviations (o), for the AD(5912)° and
/\3(5920)0 states, respectively, thereby confirming the existence
of these two baryon states. The significances have been evaluated
with the likelihood-ratio technique by applying the one- and two-
peak signal hypotheses. The likelihood ratios are evaluated using
an asymptotic formula [37,38]. The means and resolution param-
eters of the two peaks are allowed to vary in the fit within the
Gaussian constraints from Ref. [19] and the simulation. The signifi-
cance of the A9(5912)° state varies between 5.4 and 5.7¢ with the
variations in the fit model used to estimate the systematic uncer-
tainties, as detailed in Section 6; the significance of the /\8(5920)0
state remains well above 60.
Higher masses in the m/\gn+n
as shown in Fig. 2. A narrow peak at approximately 6150 MeV
is evident, consistent with an overlap of the AJ(6146)° and

/\g(6152)° signals, as well as a broad enhancement in the region
below 6100 MeV. None of these features are present in the SS con-

_ distribution are studied as well,
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Fig. 2. Invariant mass distribution of the selected /\Sn*n’ candidates in the high-
mass region. The vertical bars on the data points represent the statistical uncertain-
ties in the data. The overall fit result is shown by the thick solid line. The thin lines
present the contributions from the two signal peaks and the broad enhancement.
The dashed line displays the combinatorial background.

trol region, as shown in the supplemental material [URL will be
inserted by publisher].

A number of cross-checks have been performed to understand
if the broad enhancement can be the result of a kinematic reflec-
tion or produced by a background process. It was found that the
enhancement is not compatible with the partially reconstructed
decays of AD(6146)° or AJ(6152)° states into AJ* =70 (where
the 70 is lost). To check if it can be due to some other state de-
caying into the /\gl(i7ﬁ channels, the /\g[(ﬂ invariant mass distri-
butions are obtained by substituting the pion mass with the kaon
mass. No significant enhancements over the smooth background
are found. The mAgﬂ+ﬂ, background distribution is found to be

in agreement between the SS and OS regions in the simulation
and does not show any enhancement in the 6000-6100 MeV mass
region. The two-dimensional distributions of the Aﬁn*ﬁ* mass

versus the /\37‘[+ and /\gn_ masses from data are shown in the
supplemental material [URL will be inserted by publisher]. If the
/\87’:i invariant mass ranges corresponding to the X, Z;r, Zz_,
and EZ* baryons are vetoed, the SS and OS mass distributions in
data are found to be in agreement in the region below 6100 MeV
and do not exhibit a broad enhancement, as shown in the supple-
mental material [URL will be inserted by publisher]. This suggests
that the broad excess might be related to the intermediate Ebi and
E;i baryon states, although the current size of the data set does
not allow this hypothesis to be tested.

The observed M A e+ - distribution in the high-mass region

is fit with a sum of three signal functions and a smooth back-
ground function obtained by multiplying the threshold function
(x — x0)? by a first-order polynomial. The signal function describ-
ing the broad structure below 6100 MeV is a single Breit-Wigner
function convolved with a double-Gaussian resolution function ob-
tained from simulation. The narrow peak around 6150 MeV is
modeled with the sum of two Breit-Wigner functions, each con-
volved with a double-Gaussian resolution function obtained from
simulation, having an effective mass resolution of about 3.8 MeV.
The natural widths of the two signals are fixed to those measured
by the LHCb Collaboration [22]. The fit results for the yields and
masses, respectively, are 301 + 72 and 6073 4 5MeV for the broad
enhancement, 70 + 35 and 6146.5 + 1.9MeV for the /\g(6146)0,
and 113 £ 35 and 6152.7 + 1.1MeV for the AJ(6152)°. The mea-
sured natural width of the broad excess is 55411 (stat) MeV. While
this work was under the journal review, a similar structure, consis-
tent with the one reported here and possibly a new baryon state,
has been observed by the LHCb Collaboration [39].
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Using the likelihood-ratio technique and the one- versus two-
peak hypotheses, the presence of two peaks has a statistical signif-
icance of 0.40, indicating that the data are also consistent with a
single peak at 6150 MeV. For the double-peak hypothesis, the nat-
ural widths of the two states are allowed to vary in the fit within
the Gaussian constraints from the LHCb measurement [22]. In the
single-peak hypothesis, the mass and the natural width of the sig-
nal peak are free parameters of the fit. In both cases, the mass
resolution is allowed to float in the fit within its Gaussian uncer-
tainty estimated from simulation. The local statistical significance
of the single-peak hypothesis with respect to the background-only
hypothesis is found to be over 60 in the baseline fit, and varies
between 5.4 and 6.50 with the changes in the fit range and the
model used to estimate the systematic uncertainties, as detailed
in Section 6. The broad enhancement has a local statistical signif-
icance of about 40. Resonances with masses between 6200 and
6400 MeV have been also considered in the fit model and no sig-
nificant excess was found. The present amount of data does not
allow us to perform conclusive studies of E;i — /\gni decay con-

tributions to the resonances decaying into /\87t+71*.
6. Systematic uncertainties

Several sources of systematic uncertainties in the measured
masses are considered. To evaluate the systematic uncertainties
related to the choice of the fit model, several alternative signal
and background functions are tested. Uncertainties related to the
choice of the signal and background models are evaluated sepa-
rately. The systematic uncertainty in each measurement is calcu-
lated as the maximum deviation of the observed mass value from
the baseline fit result. The alternative signal model corresponds to
a single-Gaussian resolution function; the alternative background
models for the low- and high-mass regions are first- and second-
order polynomials, respectively, multiplied by the same threshold
function as in the baseline fit.

For the high-mass region, the nature of the broad excess be-
low 6100 MeV is unclear, therefore an additional fit is performed
in the region m A9 _ > 6100MeV, and the observed deviations

from the baseline fit result in the measured masses are taken as
the systematic uncertainties related to the possible presence of the
broad resonance.

The systematic uncertainty from the choice of the fit range is
evaluated by extending the range up to 6650 MeV. The observed
deviations in the measured masses are taken as the systematic un-
certainties. The systematic uncertainties due to fit range variations
are negligible for the A2(5912)° and A2(5920)° states.

In the baseline fits of the mAgn+n, distributions, the mass

resolutions are fixed to those estimated from simulated event sam-
ples. The systematic uncertainty associated with a possible differ-
ences between data and simulation is calculated using the follow-
ing procedure. The mass resolutions are compared between data
and simulation for the copious /\g — J/W A signal: they are, re-
spectively, 15.25 and 15.78 MeV, corresponding to a difference of
3.5%. This difference is considered to be the uncertainty in the
resolution due to the data-simulation difference. To estimate the
effect of this uncertainty on the measured masses, the baseline fits
are redone with the resolutions increased or decreased by 3.5%,
and the largest deviation in the measured masses from the base-
line fit results is considered as the systematic uncertainty due to
the mass resolution.

The measured masses of the A(6146)° and A2(6152) states
have an additional systematic uncertainty due to the fact that their
natural widths were fixed in the nominal fit to the values reported
by LHCb. To estimate the respective uncertainty, the nominal fit is
repeated with the natural widths fixed to the central values ob-

e

tained by LHCb plus or minus the corresponding uncertainties (in
total 8 additional fits are performed).

A potential bias in the mass measurement due to a possible
misalignment of the tracker detectors has been evaluated by com-
paring distributions obtained in 2016, 2017, and 2018 running pe-
riods, which is a reasonable comparison, given that an important
fraction of the CMS tracking detector was replaced between the
2016 and 2017 data taking. As expected, the alignment of the de-
tector leads to a negligible systematic uncertainty in the results
reported in this Letter.

The various systematic uncertainties are summarized in Table 1,
together with the total uncertainties calculated as the quadratic
sum of the individual sources.

7. Summary

In summary, using the pp collision data recorded with the
CMS detector at /s = 13TeV, corresponding to an integrated lu-
minosity of up to 140fb™!, the existence of the /\8(5912)0 and
/\8(5920)0 baryons is confirmed. Their masses, with respect to
the /\g mass, are measured to be 292.72 £+ 0.12 £+ 0.01 MeV and
300.56 + 0.07 £+ 0.01 MeV, respectively, where the first uncertainty
is statistical and the second is systematic. By adding the known
/\g mass of 5619.60 + 0.17MeV [19], we report the mass mea-
surements

M(A(5912)%) =5912.32 £ 0.12 £ 0.01 £ 0.17 MeV,
M(A2(5920)%) = 5920.16 & 0.07 £ 0.01 = 0.17 MeV,

where the third uncertainty is the uncertainty in the world-average
/\g mass. The obtained values are consistent with the world-
average values and have similar precision.

In addition, the /\87'[+7I_ invariant mass spectrum is investi-
gated in the mass range up to 6400 MeV. A narrow peak is ob-
served with a mass close to 6150 MeV, with a significance over
5 standard deviations, consistent with the superposition of the
AD(6146)° and AQ(6152)° baryons recently observed by the LHCb
Collaboration [22]. The masses of these states are measured to be

M(AD(6146)°) = 6146.5 £ 1.9 £ 0.8 £ 0.2 MeV,
M(A(6152)%) = 6152.7 £ 1.1+ 0.4 £ 0.2 MeV,

where the first uncertainty is statistical, the second is systematic,
and the third is the uncertainty in the world-average /\g mass
value. The corresponding mass differences with respect to the /\g
mass are

M(A2(6146)%) — M(AQ) =526.9 + 1.9 + 0.8 MeV,
M(AJ(6152)%) — M(AD) =533.14 1.1+ 0.4MeV.

These measurements are not as precise as, but are in good agree-
ment with the LHCb results [22].

In addition, a broad excess of events is observed in the region
6040-6100 MeV, not present in the same-sign APmtn* distribu-
tion. If it is fit with a single Breit-Wigner function, the returned
mass and width are 6073 % 5(stat)MeV and 55 + 11 (stat) MeV.
However, it is not excluded that this enhancement is an overlap
of more than one state with close masses or is created by the par-
tially reconstructed decays of higher-mass states. More data are
needed to elucidate the nature of this excess.
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