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The first observation of the decay Z, — y(25)E2~ and measurement of the branching ratio of =, —
y(2S)2" to B; — J/wE~ are presented. The J/y and y(2S) mesons are reconstructed using their dimuon
decay modes. The results are based on proton-proton colliding beam data from the LHC collected by
the CMS experiment at /s = 13 TeV in 2016-2018, corresponding to an integrated luminosity of
140 fb~!. The branching fraction ratio is measured to be B(E; — w(25)E7)/B(E, — J/yE") =
0.847021 (stat) + 0.10(syst) & 0.02(B), where the last uncertainty comes from the uncertainties in the
branching fractions of the charmonium states. New measurements of the =,(5945)° baryon mass and
natural width are also presented, using the E; z™" final state, where the E; baryon is reconstructed through
the decays J /wE~, w(2S)E~, J/wAK~, and J/w=°K~. Finally, the fraction of Z; baryons produced from

E,,(5945)° decays is determined.

DOI: 10.1103/PhysRevD.110.012002

I. INTRODUCTION

The &, family consists of baryons that form isodoublets
composed of a triplet of b, s, and ¢ quarks, where ¢
corresponds to a u or d quark for the E) and E; states,
respectively. Three such isodoublets that are neither orbi-
tally nor radially excited should exist [1]. These include one
with the spin of the light diquark j,, = 0 and spin-parity of
the baryon J© = 1/2% (8, ground states), one with Jgs =1
and J* =1/2% (&}), and another with j,, = 1 and J* =
3/2" (E}). The ground states were discovered more than a
decade ago at the Fermilab Tevatron [2—4] via their decays
to J/wE~ and Efzx~. Three of the four states with
Jgs = 1 have been observed during the last decade at the
CERN LHC [5-7] via their ;7" and E)z~ decays, as
expected from theoretical predictions [8—10]. The fourth
state, E;?, is expected to have a mass lower than the =, 7+
mass threshold, making a strong decay to the =, baryon
kinematically impossible. Several other more massive 5,
resonances were also observed recently by the CMS and
LHCb Collaborations [11-15] via their decays to Egﬂ_,
Eyat, Eynta, Bdxtam, AY)K~, and A)K~z*t. Various
theoretical models and calculations predict a spectrum of
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excited &, baryons [8-10,16-27], and the observed reso-
nances are considered to be 1P isodoublets of E, or &),
states, and a 1D doublet. However, larger data samples are
needed to measure the quantum numbers of these reso-
nances. There is also the possibility that some of the
observed wide resonances could instead be unresolved
overlapping narrow states.

Besides the searches for excited E, states, the LHCb
Collaboration has observed new ground-state E, decays
and determined some of their branching fractions [28-33].
The spectrum of excited E, baryons can be classified
relatively easily, especially with the guidance of the similar
and well-established E,. baryons [34]. By contrast, the wide
variety of decay modes available in the weak decay of the
ground-state baryons presents a significant theoretical
challenge, and predictions of the branching fractions to
various final states are less straightforward. Multibody
decays of &, baryons can contain rich resonant structures,
including both conventional and exotic resonances, such as
excited 2 states and the Pjy,(4459)° pentaquark reported
in the 5, — J/wAK~ decay [35]. The search for new 5,
decays is also important in the quest for observing possible
CP violation [36]. In general, both weak decays of heavy
baryons and their strongly decaying excitations can be
described in the framework of heavy-quark effective theory
(HQET) [37-41]. Measurements of the decays and proper-
ties of both ground and excited =, states provide coherent
and complementary input to HQET, which could improve
our understanding of the quantum chromodynamic (QCD)
mechanisms responsible for quark dynamics and the
formation of hadrons.
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In this paper, we study E; and E;,(5945)° (also referred to
as E:¥ here) baryon states using a sample of proton-proton
(pp) collisions from the LHC, collected by the CMS
experiment in 2016-2018 at /s = 13 TeV, corresponding
to an integrated luminosity of 140 fb~! [42-44]. The
inclusion of charge-conjugate states is implied throughout
this paper, unless otherwise noted. We report the first
observation of the E; — y(25)E~ decay and the measure-
ment of its branching fraction with respect to the well-known
E, — J/wE™ decay. In both signal and normalization
channels, the charmonium states are reconstructed through
their dimuon decay modes, and E~ decays to Az~ with the
following A — pn~ are used. Thus, the relative branching
ratio R is measured using the following expression:

_B(E, -~ w(28)E) N(E, - y(25)F)
B(E, = J/yE") N(8;, - J/yE")
B(J/y = pu7)

o v ) By =) D

where N and e represent the measured number of signal
events in data and the total efficiency from Monte Carlo
(MC) simulation, respectively, for each of the respective
decay modes. The values of the branching fractions B in the
last term are taken from the PDG [34]. Even though the value
of B(E, — J/wE") is not known, the choice of this
normalization channel is quite natural since it has the same
topology and similar kinematic properties as the signal
channel, reducing the systematic uncertainty in the ratio
related to the reconstruction of the muons and the other
charged particle tracks from the &, decays.

We also determine the =,(5945)° baryon mass and
natural width, using the E,(5945)° — 2,z " decay. The
ground-state = is reconstructed via its decays to J/wE",
w(2S)E", and J/wAK~. For the B, — y(25)2" decay,
bothy(2S) —» J/yrtn~, withJ/y — pu*pu~, and y(2S) —
uTp~ modes are used in the analysis, and =~ is again
reconstructed via the Az~ channel. For the Z; — J/wAK~
decay, the presence of the partially reconstructed mode
J/wZ K, where the low-energy photon from the £° — Ay
decay is undetected, is included in the fit to the E; z" inva-
riant mass spectrum. Pictorial representations of the decay
topologies for E,(5945)° > Z; z* are shown in Fig. 1.

We also measure the ratio of the production cross sections
Rz, (s045)0 for E,(5945)° and E; using the expression:

o(pp—E,(5945)°X) B(E,(5945)° - &, n")
o(pp—E,X)
_ N(E,(5945)° > E,7")
N(E;)

Rz, (504500 =
e(5;)
€(8,(5945)° > Eyx")’

(2)

FIG. 1. The E,(5945)° — E; 7" decay topology in which the
E;, baryon decays to wE~ with y — pu~ (upper) or J/wAK~
(lower), where y refers to the J/w and y(2S) mesons. The
distances given are the average decay lengths, cz.

where N and e refer to similar quantities as those in Eq. (1).
Following an analogous CMS measurement of the B..(25)™"
and B;(2S)" production cross section ratios [45], the E;
baryon is reconstructed in the phase space region defined by
the &, baryon transverse momentum py > 15 GeV and
rapidity |y| < 2.4; however, this measured ratio is intended
to be representative of the entire phase space, given the small
mass difference between the Z,(5945)° and E; particles.
The E,(5945)° baryon was the first new particle observed by
the CMS Collaboration, using 5 fb~! of data from 2011 [5].
With this paper we significantly improve and enrich our
previous results for this state. Tabulated results are provided
in the HEPData record for this analysis [46].

II. THE CMS DETECTOR
AND SIMULATED EVENT SAMPLES

The central feature of the CMS apparatus is a super-
conducting solenoid of 6m internal diameter, providing a
magnetic field of 3.8T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal
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electromagnetic calorimeter, and a brass and scintillator
hadron calorimeter, each composed of a barrel and two end
cap sections. Forward calorimeters extend the pseudora-
pidity () coverage provided by the barrel and end cap
detectors. Muons are measured in gas-ionization detectors
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. [47]. More
recent changes to the detector are described in Ref. [48].

Muons are measured in the range || < 2.4, with
detection planes made using three technologies: drift tubes,
cathode strip chambers, and resistive plate chambers. The
single-muon trigger efficiency exceeds 90% over the full #
range, whereas the efficiency to reconstruct and identify
muons is greater than 96%. Matching muons identified in
the muon system to tracks measured in the silicon tracker
results in a relative pt resolution for muons with pt up to
100 GeV of 1% in the barrel and 3% in the end caps [49].
The silicon tracker used in 2016 measured charged particles
within the range || < 2.5. For nonisolated particles of
1 < pr <10 GeV and |57| < 1.4, the track resolutions were
typically 1.5% in pr and 25-90 (45-150) pm in the
transverse (longitudinal) impact parameter [50]. At the
start of 2017, a new pixel detector was installed [51];
the upgraded tracker measured particles up to |n| < 3 with
typical resolutions of 1.5% in pr and 20-75 pm in the
transverse impact parameter [52] for nonisolated particles
of 1 < pr < 10 GeV. The default track selection used in
CMS analyses is the “high-purity” requirement. Because
low-momentum and displaced tracks share some features
with nongenuine tracks such as not pointing back to the pp
collision vertex and having fewer measurement points, the
high-purity selection is less efficient for these tracks and so
the less-restrictive “loose” requirement is often used.

Events of interest are selected using a two-tiered trigger
system [53]. The first level (L1), composed of custom
hardware processors, uses information from the calorim-
eters and muon detectors to select events at a rate of around
100 kHz within a fixed latency of about 4 ps [54]. The
second level, known as the high-level trigger (HLT),
consists of a farm of computing processors running a
version of the full event reconstruction software optimized
for fast processing, and reduces the event rate to around
1 kHz before data storage. The events used in this analysis
were selected at L1 by requiring the presence of at least two
muons, and at the HLT by requiring that the two muons
have opposite sign (OS), with various |57 and pr thresholds,
compatible with being produced in the dimuon decay of
J/y ory(2S) mesons by requiring corresponding invariant
mass windows.

The PYTHIA 8.240 package [55] with the CP5 underlying
event tune [56] is used to simulate the production of the
=, and E,(5945)° states (where the X) baryon, with a
modified mass value, is used as a proxy for the Z,(5945)°

state). The EvtGen 1.6.0 [57] program models the decays
E,(5945)° —» Byxt, By - J/WET, E; - w(29)E",
=, — J/wAK~, and E; — J/yZ K~ with a phase-space
decay model, followed by the w(2S) —» pu"u~, w(2S) —
J/wntx~, and J/w — uTu~ decays. Final-state photon
radiation is included using PHOTOS 3.61 [58,59]. The
generated MC events are then passed to a detailed
GEANT4-based simulation [60] of the CMS detector, which
includes the long-lived hyperon decays Z~ — Az~ and
A — pz~. The simulated events are then put through the
same trigger and reconstruction algorithms used for the
collision data. The simulation includes effects from multi-
ple pp interactions in the same or nearby bunch crossings
(pileup) with a multiplicity distribution matching that
in data.

III. EVENT RECONSTRUCTION
AND SELECTION

The E; ground state is reconstructed using two main

decay modes: =, — wE~ (followed by y — u" ™), where

—_——

w refers to the J/y and y(2S) mesons, or B, — J/wAK".
We also reconstruct the decay chain E; — w(25)2",
w(2S) - J/yrtx~ to increase the number of events for
the E; 7zt studies. In all the cases, the J/y meson is
identified through its dimuon decay. The selection criteria,
described below, are mainly inherited from Ref. [13].

The reconstruction chain requires two OS muons form-
ing a good-quality vertex, passing the CMS soft-muon
selection [49], and with each having pr(p) > 3 GeV and
In(u)| < 2.4. To be of good quality, the fit to a dimuon
common vertex must have a y? vertex fit probability greater
than 1%. These requirements reinforce those applied at the
trigger level during the online data taking. A J/y or y/(2S)
candidate is required to have a dimuon invariant mass
within 100 MeV of the corresponding world-average
mass [34], which is about 3 times the invariant mass
resolution. Further, a kinematic constraint to the known
yw meson mass [34] is applied to the selected dimuon
candidates.

The A candidates are formed from displaced two-prong
vertices, assuming the decay A — pzn~, as described in
Ref. [61]. The higher-momentum track is associated with
the proton and the lower-momentum track with the pion. A
A candidate must have pr > 1.8 GeV, and the pz~
invariant mass must be within 10 MeV of the known A
mass [34] after the tracks are refit to a common vertex,
corresponding to about 3 times the invariant mass reso-
lution. The vertex fit is then repeated with the pz~ invariant
mass constrained to the A mass, and its momentum
recomputed. The y? probability of this fit must be greater
than 1%.

For the E, — wE~ channel, the E~ candidates are
reconstructed by combining each selected A candidate
with a charged particle track, assumed to be a pion. The
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track must have pr > 0.3 GeV and satisfy the loose requ-
irement [50]. A kinematic vertex fit of the 2~ — Az~ decay
is performed, and the y? probability is required to be greater
than 1%. The Az~ invariant mass must be within 10 MeV of
the known E~ mass [34], which is about 3 times the
invariant mass resolution. The resulting 2~ candidate must
have pp > 2.5 GeV. Because A particles mainly decay
much further from the E~ decay vertex than our vertex
resolution, we set a requirement on the pointing angle
a(A,Z7) between the momentum of the A candidate and
the vector from the Z~ decay vertex to the A decay vertex in
the plane perpendicular to the beam direction (the trans-
verse plane) of cosa(A,E7) > 0.99.

To reconstruct the decay chain T, — yw(25)27,
w(2S) - J/yntx~, two additional OS tracks passing
the high-purity requirement [50] are assigned the charged
pion mass and added to the process. The higher-momentum
pion must have pr > 0.6 GeV, and the other pion
pr > 0.35 GeV. The invariant mass of the w(2S5)
candidate, calculated via the formula M(u*y ntz~)—
M (ut ™) +mPPS(J /), is required to be within 18 MeV
of the known y(2S) mass [34], corresponding to about 3
times the invariant mass resolution. Using this variable
removes the J/y — u"u~ detector invariant mass resolu-
tion from the measurement of the M (u*u~z"z~) invariant
mass. Here, and throughout the paper, the symbol M
represents a reconstructed invariant mass and m"PS the
PDG world-average mass [34].

The E; candidates are selected by using the u*, u~, and
Z~ particles in a kinematic fit that constrains their
momentum vectors to a common vertex and the dimuon
invariant mass to the world-average J/w or w(2S)
mass [34]. For the decay chain &, — y/(25)2", y(2S) —
J/wrnTx~, the two additional pions described above are
added to the Z; vertex fit. From all the reconstructed pp
collision vertices in an event, the primary vertex (PV) is
chosen as the one with the smallest pointing angle. The
pointing angle is the angle between the E; candidate
momentum and the vector joining the PV with the
reconstructed =, candidate decay vertex. If any of the
tracks used in the E; candidate reconstruction are included
in the fit of the chosen PV, they are removed, and the PV is
refit. The selected Z; candidates are required to have
pr(E;) > 10 GeV and a y? vertex fit probability greater
than 1%. The pion from the 2= — Az~ decay must satisfy
an impact parameter significance requirement d,, /6, > 1,
where d,, is the closest distance between the track and the
chosen PV in the transverse plane, and o,  is its uncer-
tainty. For the decay chain E, — y(25)27, y(2S) —
J/wrnTx~, we require that the two pion tracks each have
dy, /o4, > 0.4. The pointing angle a between the =~
momentum and the vector from the &, decay vertex to
the =~ vertex in the transverse plane must satisfy
cosa(E7,E;) > 0.999. The analogous angle between the

&, momentum and the vector from the PV to the & vertex
is required to have cos a(E,, PV) > 0.99. Additionally, the
distance L, between the PV and the & decay vertex in the
transverse plane must fulfill the requirement L., /o, > 3,
where 6, is its uncertainty. '

For the E; — J/wAK~ decay channel, the J/y and A
candidates are reconstructed in the same way as described
above, with the additional requirement pr(A) > 2 GeV.
However, instead of adding a pion track to the subsequent
&~ — Az~ fit, a charged particle track with a kaon mass
assignment is selected. The track must have pr > 1.4 GeV
and satisfy the high-purity requirement [50]. The =,
candidates are obtained by performing a kinematic vertex
fitto the u™, 4=, A, and K~ candidates, along with the same
J/w mass constraint and PV selection as for the 2, — y&E~
channel. The kaon impact parameter significance must

satisty d,, /adn > (0.5 with respect to the chosen PV.

Because of the higher background in this channel more
restrictive kinematic and topological requirements are
applied: pr(Z;) > 15 GeV and cosa(E,,PV) > 0.999,
along with the same requirements as above on the vertex
fitand L,,/ o, . For both the yE™ and J /wAK~ channels,

—_——

multiple &, candidates, found in the same event (which
happens in 1%—4% of events depending on the channel) are
not discarded.

Since the lifetime of the excited E,, states is expected to
be negligible, the =, z* candidates are formed by com-
bining the selected E; candidates with each charged
particle track originating from the PV and satisfying the
loose requirement [50] as done in Ref. [62], which are
given the charged pion mass. The pion charge must be
opposite to that of the pion from 2~ — Az~ or the kaon

from E; — J/wAK~. The mass difference variable AM =
M(E,z") — M(8;) — mPPS is used instead of M(E,x")
since it is characterized by a better invariant mass
resolution since the effect of the =, invariant mass
resolution is removed. From simulation studies, this
variable is found to be insensitive to potential invariant
mass shifts caused by the missing low-energy photon from
the X% — Ay decay. As developed in Ref. [63], the =y
candidate and all the tracks forming the PV are refit to a
common vertex, further improving the E,z* invariant
mass resolution from 1.07 £0.07 to 0.74 £ 0.04 MeV
(statistical uncertainties only), as determined from simu-
lation studies. If multiple 2,z candidates (where the
multiplicity comes from the soft pion reconstruction) in an
event pass the selection requirements (which happens in
10%—-15% of events depending on the E; channel), only
the highest pp candidate is kept, which is found from
simulation studies to improve the signal purity. The
multiplicity estimation and a single-candidate selection
is performed in the signal region of [0,0.06] GeV of the
AM variable.
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Invariant mass distributions of the selected J/wE~ (upper left), J/wAK~ (upper right), and w(2S)E~ [lower row, with

w(2S) - ptu~ (left) and w(2S) — J/watn~ (right)] candidates. The data are shown by the points, while the vertical bars represent the
statistical uncertainties. The overall fit result is shown by the solid red curve, with the signal and background contributions given by the
solid green and dashed blue curves, respectively. The vertical lines around each peak display the mass window required for a E;
candidate to be used in the Z,,(5945)° studies. The dotted-dashed curve in the upper right plot shows the fitted contribution from the
B, =/ wZK~ decay, with the accompanying vertical dotted lines indicating the mass window for this mode.

IV. OBSERVATION OF THE &, — y(2S)2"
DECAY AND STUDIES OF THE E,;” SIGNAL

The invariant mass distributions of the selected J/wZE",
J/wAK~, and w(2S)E~ (with both y(2S) — utu~ and
w(2S) —» J/wn'tx7) candidates are shown in Fig. 2. An
unbinned extended maximum likelihood fit is performed on
each of these distributions. For all four channels, the signal
component is described using the sum of two Gaussian
functions with a common mean, whose widths and ratio
between them are fixed to those determined from MC
simulation. However, both widths are allowed to scale by
the same free parameter in the fit to give a better description
of the data. The background is described with a first-order
polynomial for the J/wE™ and y(2S)E"~ channels, and an
exponential function for the J/wAK™. In the latter fit, the
signal contribution from the partially reconstructed & —
J/wZPK~ decays is taken into account by including an
asymmetric Gaussian (also known as a skew normal)

function in the fit, whose shape parameters are fixed to
those found from simulation studies.

The number of signal events N, the mean reconstructed
&, invariant mass mgt; and the effective E;’ width ¢ from
the fit are given in Table I for each of the E; decay
channels, along with their statistical uncertainties. The

value of o is calculated as \/f 07 + (1 — f,)o3, where
o1 (0,) is the width of the first (second) Gaussian function,
and f is the fraction of signal events from the fit associated
with the first Gaussian function. The measured resolution
of the different channels is within the expectations from the
available phase space and the final-state threshold prox-

imity. The fitted &, mass values are consistent with the
world-average value mEPS = 5797.0 + 0.6 MeV [34].

=
b

This is the first observation of the =, — y/(25)Z" decay.
Its local statistical significance is evaluated with the like-
lihood ratio technique, comparing the likelihood value from
a fit to a signal-plus-background hypothesis to that for a
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TABLE I.  The number of signal events N, the mean =

fit

, mass mz-, and the effective Z;' width o, from the fits to

the Z; invariant mass distributions for each of the =, decay channels. The uncertainties are statistical only.

Decay channel N me“; (MeV) ooir (MeV)
g, > J/yE” 846 + 40 5797.1 £ 0.6 163 £ 1.0
B, - J/wAK~ 920 + 98 5798.8 £ 0.9 119+1.5
g, — J/yI'K- 880 £ 170 e .

B, - w(28)E" (with w(2S) —» utu™) 74+ 11 57977+ 14 11.1+£2.0
B, — w(28)E" (with w(2S) - J/wyn'n") 90 + 14 57972+ 1.7 13.1+2.8

background-only hypothesis. Since the conditions of
Wilks’ theorem [64] are satisfied, the asymptotic formulas
of Ref. [65] [Egs. (12) and (52)] are used to determine the
B, — w(2S)E" signal significance, which is found to be
well above 5 standard deviations for both the yw(2S) —
wrp~ and w(2S) — J/ya "z~ modes.

For the E;n* studies described in the next section, the =
candidates must have an invariant mass within 40 (30) MeV
of the mgt; value for the J/wE~ and yw(2S)2~ (J/wAK™)
decay channels. This corresponds to about (2.5-3) times
O.if> as shown by the solid vertical lines around the peaks in
Fig. 2. For the partially reconstructed J/wX’K~ decay
channel, a mass window of 5.63-5.76 GeV, as in
Ref. [13] and shown by the vertical dotted lines in Fig. 2
(upper right), is used for the reconstructed =, mass.

V. STUDIES OF THE E,(5945)° BARYON

The measured AM distributions found by combining the
selected Z; candidates, as defined in Sec. IV, with charged
particle tracks, consistent with coming from the PV and
assumed to be pions, are shown in Fig. 3. The distributions
are shown separately for the E, — J/yE~, B, — y(28)2~
(combined y(2S) — J/wa "z~ and y(2S) - p" ™ modes),
B, - J/wAK~, and E; — J/yX K~ channels. A signifi-
cant near-threshold peak is evident in all 4 distributions, in
agreement with previous CMS [5] and LHCb [6,15] results.
The AM distribution for the same-sign Z, 7z~ control
sample is also displayed in Fig. 3. It shows no evidence
of a peak and is consistent with the Z; z" combinatorial
background. No other structures are observed in this AM
region for either the Z; 7z or ; z~ distributions.

We fit the E,,(5945)° signal using a relativistic Breit—
Wigner function, which accounts for the non-negligible
natural width T'(Z,(5945)°), convolved with a Gaussian
function describing the invariant mass resolution, whose
parameters are extracted from MC simulation. Lattice QCD
calculations [66] give I'(2,(5945)°) = 0.51 +0.16 MeV,
the 3P, model predicts 0.85 MeV [67], and the latest
LHCb result finds I'(E,(5945)%) = 0.87 £ 0.06(stat) +
0.05(syst) MeV [15]. The simulation studies predict that
the invariant mass resolution is slightly different for each
E,, baryon decay channel, except for the Z; — J/ wilK~

mode, where the missing low-energy photon from the X0
baryon decay produces a much wider peak with a 26%
larger mass resolution. In all cases, the measured widths
from the fully reconstructed decay modes are in agreement
within their uncertainties.

An unbinned extended maximum likelihood simultane-
ous fit of all four channels is applied, where the Z,(5945)°
mass and natural width are constrained to be equal for all
the channels, while the mass resolutions, yields, and
background parameters are different. The background
component is modeled with a threshold function (AM)?,
where « is a free parameter. The fit results are shown in
Fig. 4, and the fitted signal yields are given in Table II.

The measured mass difference and natural width of the
5,(5945)° state are AM™ =15.81040.077 MeV and
['(E,(5945)°) = 0.87032 MeV, respectively, where the
uncertainties are statistical only.

VI. EFFICIENCY AND PRODUCTION
RATIO MEASUREMENTS

While in general the analysis uses events collected by a
combination of different dimuon HLT paths, for the
measurements of the ratios of efficiencies and the resulting
branching fractions and production cross sections, a single
dedicated trigger suitable for the decay topology is required
in order to simplify the efficiency estimations and reduce
the trigger-related systematic uncertainty. For the &, —
J/wE™ and E; — y(25)E~ channels, we use an inclusive
dimuon HLT path, requiring the presence in the event of a
J/w [w(2S)] meson with pr exceeding 25 (18) GeV and
decaying into two OS muons. This HLT path is only used
for the 2017-2018 sample, while for the 2016 sample the
similar trigger requires a minimum p of 20 (13) GeV for
the J/y [y(25)] meson. In the case of the B, — J/wAK~
channel, we use an HLT path requiring the presence of a
J/w — u"u~ decay and an additional track consistent with
originating from the dimuon vertex and having
d.y/04, > 2. The dimuon vertex must also be displaced
from the PV, by requiring L,,/c; > 3.

These requirements are much stricter than those dis-
cussed in Section Ill—most y from E; decays are
populated within the 10-20 GeV range of pr. Thus, using

them causes a significant decrease in the signal yields for
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the wE~ channels. Redoing the fitting procedure with the
new requirements leads to total signal yields of 103*3 and
388 events for E; — J/wE~ and E; — w(25)E"
(w(2S) = pu"p~ mode), respectively. The B, — J/wAK~
signal with the tighter HLT requirement results in 606“_“661
events. The fits to the 2,(5945)° - E;7z" AM distribu-
tions are performed separately for each of the decay
channels, with T'(Z,(5945)°) fixed to the value found from
the simultaneous fit. The resulting signal yields are 13 + 4
and 74 £ 11 events for the J/wE™ and J/wAK~ decay
modes, respectively.

TABLE II.  The fitted signal yields of the £,(5945)° — =,z "
decay for each of the listed E; decay channels. Uncertainties are
statistical only.

Decay channel N(E,(5945)9)
B, — J/wE" 9713

gy - w(28)E" 2478

B, = J/wAK~ 1241)7

B, — J/wE'K~ 155432

The efficiencies for the signal and normalization channels
are calculated using simulated MC samples of events that
have passed the more-restrictive HLT paths described above.
The total efficiency includes several factorizable contribu-
tions such as the trigger, detector acceptance, and decay
channel reconstruction efficiencies. The detector acceptance
term is calculated as the ratio of the number of generator-
level events within the CMS kinematic acceptance to the
number of generated events without any restrictions (within
the full phase space region). Efficiencies for different years
of data taking are estimated separately and then combined
with weights corresponding to the integrated luminosity
collected in each year.

Since we measure branching fractions and production
cross sections with respect to normalization channels,
only the ratios of such efficiencies are needed. Thus,
for example, the systematic uncertainties associated with
the muon, charged particle track, and A candidate
reconstruction are reduced. Table III reports three effi-
ciency ratios, where the first is used in measuring the
quantity R, the ratio of branching fractions defined in
Eq. (1), and the latter two for finding the E,(5945)°/Z;
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production cross section ratio using two different decay
channels: J/wE~ and J/wAK™.

Using the measured signal yields, the efficiency ratio,
and Eq. (1), we determine the ratio R of the branching
fraction for the newly observed E; — y/(25)Z" decay to
that of the 5, — J/wE~ decay to be

R =0.84107,

where the uncertainty is coming from the uncertainty in the
measured yields. The uncertainty in the ratio of efficiencies
is treated separately as a systematic uncertainty, as
described in Sec. VII A.

Applying Eq. (2), the ratio Rz, (s94sy of the &, (5945)° to
&, production is separately measured using two E; decay
channels: J/wE~ and J/wAK~. The results are

RJ nes

L iy = 0214 0.04

and

JwAK~  _
RE,,(5945)” =0.24 £ 0.03,
where the uncertainties are statistical only (again, the
efficiency uncertainties are discussed in Sec. VIIA).
These uncertainties account for the correlation between

TABLE III. The measured efficiency ratios and their statistical uncertainties.

Efficiency ratio Value
€8, = J/wE™)/e(B, - w(28)E™,w(2S) - utu™) 0.304 £ 0.014
€(E; = J/wE™)/e(B,(5945)° - E;nt By - J/wET) 1.645 £0.108
e(E; = J/wAK™)/e(E,(5945)° - E;nt, By — J/wAK™) 1.941 4 0.085
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N(E,(5945)°) and N(Z; ), given that the former is a subset
of the latter. Both values, obtained with fully independent
data and simulation samples, are in good agreement with
each other and with the previous measurement by the
LHCb Collaboration [6].

VII. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties in the measurements given
above are divided into two categories. The first is related to
the uncertainties in the measured efficiency ratios and the
=, and E,(5945)° signal yields. The second covers the
uncertainties in the measured mass difference and natural
width of the =, (5945)° baryon.

A. Systematic uncertainties
in the measured ratios

Many systematic uncertainties related to muon recon-
struction and identification, trigger effects, and efficiencies,
and charged particle track and A candidate reconstruction
cancel out in the measured ratio R due to the identical
topologies of the Z; — w(2S)E2™ and B, — J/ywE" decays.
There is a similar cancellation in the determination of the
production cross section ratio Rg, (se450, Where the only

—

topological difference between E,(5945)° and E; is an
additional track from the Z,(5945)° — E;z" decay.

The systematic uncertainty related to the choice of fit
functions used to describe the signal and background
shapes in the invariant mass fits is evaluated by varying
the functions used and recording the change in the number
of signal events. For the three &, decay channels, we first
perform the fit with the resolution scaling parameter for the
sum of the two Gaussian functions set to unity and note the
change in the fit results. We then use a Student’s t
distribution [68] to model the signal, with the mean and
width allowed to be free and the n parameter (correspond-
ing to the number of degrees of freedom) fixed from the
simulation. This function, being symmetric and bell-
shaped, also models a heavy-tailed distribution and thus
is found to be a reliable alternative to the sum of two
Gaussian functions. A single Gaussian function with free
parameters is also tried for fitting the w(2S)E~ and J/yE"~
signals. Using the largest change in the number of events,
the resulting systematic uncertainty in R from this source
is 8.8%.

Two alternative background functions are considered in
fitting the J/wE~ and w(2S)E~ invariant mass distribu-
tions: an exponential function and a second-order poly-
nomial. For the more complicated background shape in the
J/wAK~ distribution, we switch from an exponential
function to a second-order polynomial. The resulting
systematic uncertainty in R from this source is estimated
as 4.5%. The combined signal-plus-background Z; fit
model uncertainties are estimated as 4.0 and 6.9% in the

Ré/b %/559;5)0 and Réﬁ 12/5/;{4{5_)0 values, respectively.

The alternative functions used in fitting the Z;,(5945)° —
E,n" AM distribution are described in the next subsection
when the systematic uncertainties in the measured
E,(5945)° mass and width are discussed. The resulting
systematic uncertainties due to the fitting functions in the
Rz, (s045)0 production cross section ratio are 7.7 and 6.7%
for the J/wE™ and J/wAK~ decay modes, respectively.

For the R measurement, given that we are using different
HLT paths for the E, — J/wE™ and the B, — w(25)2"
signals, a cross-check of the correctness and robustness of
such a procedure is performed. The similar branching
fraction ratio Rg+ =B(BT -y (28)K")/B(B* - J/yK™")
was measured with the triggers we use for the &, signals,
and the resulting value of 0.601 % 0.030 is consistent with
the world-average value [34] 0.605 4+ 0.021. The 5%
precision of the Rp+ value is taken conservatively as an
additional systematic uncertainty in the R measurement.

As mentioned above, an additional source of uncertainty
in the Rg, (59450 measurement comes from identifying the

extra pion in the Z,(5945)® - Z; 7" decay. The uncer-
tainty in the tracking reconstruction efficiency for the low-
pr pion is estimated as 5.2% [69].

The uncertainty related to the finite size of the MC
samples is also considered as a systematic uncertainty. It is
estimated from the statistical uncertainty in the determi-
nations of the efficiency ratios from the MC simulation.
This corresponds to a systematic uncertainty of 4.6% in R,
and 6.5 and 4.4% in Rz, (so45)0 for the J/wE™ and J/yAK™
modes, respectively.

The systematic uncertainties in the R and Rg, (5450
measurements are summarized in Tables IV and V, respec-
tively, along with the total systematic uncertainties, calcu-
lated from the sum in quadrature of the individual sources.

B. Systematic uncertainties in the E;(5945)°
baryon mass and width measurements

Several sources of systematic uncertainty are considered
in the simultaneous measurement of the Z;,(5945) baryon
mass difference and natural width. To evaluate the sys-
tematic uncertainties related to the choice of functions used
to fit the Z,(5945)° AM distributions, alternative functions
are chosen and the maximum changes in the results of the
fit are used to estimate the corresponding systematic

TABLE IV. Systematic uncertainties in percent in the ratio R
from the different sources and the total uncertainty.

Source Uncertainty (%)
Signal model 8.8
Background model 4.5
Rp+ uncertainty 5.0
MC finite size 4.6
Total 12.0
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TABLE V. Systematic uncertainties in percent in the ratio
Rz, (50450 from the different sources and the total uncertainty,

separately for the J/wZE~ and J/wAK~ decay modes.

TABLE VI. The systematic uncertainties in MeV in the
measurement of the Z,(5945)° mass difference and natural width
from each of the sources, along with the total uncertainties.

Source J/wE™ (%) J/wAK~ (%) Source AM (MeV) T(5,(5945)°) MeV)
&, fit model 4.0 6.9 Signal model 0.003 < 0.01
E,(5945)° fit model 7.7 6.7 Background model 0.002 0.04
Tracking efficiency 5.2 5.2 Fit range 0.023 0.13
MC finite size 6.5 4.4 RBW shape 0.022 0.02

Mass resolution 0.004 0.08
Total 12.0 1.8 Shift from reconstruction 0.041 e

Total 0.052 0.16

uncertainty. We use a Student’s t-distribution [68] as the
alternative function to describe the invariant mass reso-
lution, with the shape parameters determined from MC
simulation. Fitting the data distributions leads to estimates
for the systematic uncertainty of £0.003 MeV in the
mass difference, while the change in the natural width is
negligible.

We also vary the function used to describe the back-
ground in the fit. We use the threshold function described
earlier, multiplied by a first-order polynomial, except for
the Z; — w(2S)E~ decay channel, where the number of
events is too small to allow a reasonable fit to the back-
ground for functions with more parameters. Another
alternative model uses the baseline background model to
fit the same-sign &, 7~ distributions. The a values obtained
in these fits are then used as fixed parameters of the
simultaneous fit. From this, we estimate systematic uncer-
tainties from this source of =0.002 and £0.04 MeV in the
mass difference and natural width, respectively.

The systematic uncertainty coming from the choice of
the fit range is estimated by varying the AM fit region from
[0, 0.05] to [0,0.09] GeV. The maximum deviation of the
fit parameters is used as the systematic uncertainty, giving
40.023 and 4-0.13 MeV in the mass difference and natural
width, respectively.

The signal shape for the Z,,(5945)° AM distribution is fit
with a Gaussian resolution function, convolved with a
relativistic Breit—-Wigner (RBW) and a Blatt—Weisskopf
barrier factor [70], with the radial parameter in these
functions set to r = 3.5 GeV~! and the angular momentum
(spin) to Z = 1. To determine the systematic uncertainty
associated with these choices, the fit is repeated with the
value of r varied in the range 1-5 GeV~! and # set to 0 or 2.
The change in r has a negligible effect, while the spin
change leads to systematic uncertainties of £0.022 and
40.02 MeV in the mass difference and natural width
measurements, respectively.

For the E; — J/wE~ channel, we verify that the mass
resolutions obtained in data and simulation agree to within
the combined uncertainty of 7.5%. We obtain a systematic
uncertainty associated with any potential disagreement in
the AM mass resolution between data and simulation by
repeating the =,(5945)° fit with the resolutions from MC

scaled up or down by 1.075. The resulting systematic
uncertainties are +0.004 and £0.08 MeV for the mass
difference and natural width, respectively.

Simulation studies show a shift of 0.041 MeV between
the reconstructed and generated mass differences for the
E,,(5945)° baryon peak; this shift is treated as an additional
systematic uncertainty in the AM™ measurement.

The systematic uncertainties described above are sum-
marized in Table VI, together with the total systematic
uncertainties, found from the sum in quadrature of those
from the individual sources.

VIII. RESULTS

Our final result for the ratio of the branching fractions for

the =, — y/(25)E" decay with respect to the 5, — J/wE"~

normalization mode is
B(E, - w(25)=")
B(E, = J/wE")
= 0.847071 (stat) & 0.10(syst) & 0.02(B),

R =

where the uncertainties are statistical, systematic, and
related to the uncertainties in the J/y and w(2S) branching
fractions, respectively. For the last term of Eq. (1), we used
the lepton universality assumption of B(J/y — upu~)/
B(y(2S) > p'u”) = B(J/w —> ee”)/B(y(2S) > e*
e”) =7.53 £ 0.17 from the PDG [34], since the dielectron
modes are measured more precisely than the dimuon ones.

Including the systematic uncertainties described in the
previous section, the E,(5945)° mass difference and
natural width are found to be

M(5,(5945)°) = M(5;) — m™PS (z*)
=15.810+0.077(stat) £ 0.052(syst) MeV,
I'(2,(5945)%) = 0.871935 (stat) +0.16(syst) MeV.
Using the world-average E; baryon mass [34], our AM™

value corresponds to a E,(5945)° mass of 5952.4 +
0.1(stat + syst) & 0.6(mz-) MeV, where the first uncer-

tainty includes the statistical and systematic components
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and the last comes from the uncertainty in the E; mass.
These measurements of the =;,(5945)° baryon mass and
width are significantly more precise than the previous CMS
results [5] and in agreement with those obtained by the
LHCb experiment [6,15]. Their recent measurement,
using data corresponding to an integrated luminosity of
9 fb~1, reported AM = 15.80 £0.02 £0.01 MeV and
['(Z,(5945)°) = 0.87 + 0.06 £ 0.05 MeV [15].

Finally, our measurement of the inclusive ratio of the
E,(5945)° and Ej; production cross sections gives

o(pp — B,(5945)°X) B(E,(5945)° > B, 7 ")
o(pp =5, X)
=0.2240.02(stat) £ 0.02(syst),

Rz, (50450 =

where we used the BLUE procedure [71-73] to combine
the results from the =, — J/yE™ and E; — J/wAK~
decay modes. The statistical and systematic uncertainties
are assumed to be uncorrelated, except for the tracking

efficiency, which we treat as correlated.

IX. SUMMARY AND CONCLUSIONS

In this article, we present the first observation of the
B, — w(25)2" decay. We use data from LHC proton-
proton (pp) collisions at /s = 13 TeV, collected by the
CMS experiment during 20162018, corresponding to an
integrated luminosity of 140 fb~!. We measure the ratio of
the branching fraction for the new decay to that for

—

E, = J/wE™ to be
B(E, - w(28)E")
B(E, = J/wE")
= 0.8470% (stat) & 0.10(syst) £ 0.02(B),

R:

where the last uncertainty comes from the uncertainties in
the J/w and y(2S) branching fractions.

This result is consistent with analogous measured ratios
from B,y and A) decays such as B* — wK*, B" — yKY,
BY - w¢, and A) — wA, whose values are in the range
0.5-0.6 [34] (here y refers to the J/y and y/(2S) mesons).
In general, currently existing results for such ratios do not
form any clear and unambiguous pattern. New measure-
ments, such as the one reported here, and corresponding
theoretical predictions are required to build a robust model
that can reliably describe b hadron decays to charmonium
states.

We reconstruct =,(5945)° candidates using the
E,(5945)° — B, 2+ decay mode by combining tracks from
the pp collision vertex with Z, candidates from four
different decay modes. A simultaneous fit of all decay
modes is used to extract the mass difference and natural
width, which are consistent with our previous results [5],
but with much better precision. They are also in agreement

with the LHCb measurements [6,15]. Using the world-
average value for the &, baryon mass [34], we measure the
mass of the Z,(5945)° baryon to be

M (Z,(5945)°) = 5952.4 & 0.1(stat + syst)
+0.6(mz; ) MeV,

where the last uncertainty comes from the uncertainty in
the Z; baryon mass. We measure the natural width to
be T'(2,(5945)%) = 0.87133 (stat) 4 0.16(syst)MeV.

Finally, our determination of the E,(5945)°/Z; relative
production rate Rz, (so45)0 = 0.22 & 0.02(stat) + 0.02(syst)
is in good agreement with the LHCb result [6] of 0.28 £
0.03+0.01 and is of a similar precision. From the
measured values of this ratio, we conclude that about
1/4 of E; baryons are produced from the Z,(5945)° —
E,x" decay. The other major E,(5945)° decay is
E,(5945)° —» E92°  Since B(Ej; - E,x) should be
close to 100%, we expect B(E,(5945)° - & 7n") ~
2B(E,(5945)° — 292°) ~2/3, where the factor of 2
comes from isospin differences and the Clebsch—
Gordan coefficients [34]. Incorporating this estimate of
B(E,(5945)° — E;z") into our results for the ratio
of production cross sections, we find that o(pp —
E,(5945)°X)/o(pp — E;X) ~ 1/3. If the relative produc-
tion rate for E;~ to E, follows the same scheme, the
corresponding ratio can be estimated as Rg:- = l6(pp —
= X)B(E; - E;7°%)]/o(pp = E;X)~1/3x1/3=1/9.
Thus, we can conclude that about a third of the = baryons
are produced from = decays.

Since decays from higher-mass excited =, baryons are
also possible, such as the E,(6227) doublet reported by the
LHCb experiment [11,12], less than two thirds of the &
baryons are expected to be directly produced from pp
collisions. It is clear that further studies of different ground-
and excited-state £, baryons are needed to fully understand
this family of baryons.
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