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Summary. — Hadrons are systems bound by the strong interaction, which is
described at the fundamental level by Quantum Chromodynamics (QCD). Several
models and techniques, such as constituent-quark models or lattice-QCD calcula-
tions, attempt to reproduce the spectrum of b-hadron masses. On the experimental
side, while the masses of all expected ground-state mesons are now well measured,
baryon data are still sparse. The LHCb experiment at CERN’s Large Hadron Col-
lider is dedicated to bottom physics and C'P violation. The first 1.0fb™" of pp
collisions collected during the 2011 run allows the exploration of the b-baryon sector
with unprecedented precision. We present the most precise measurements of the A9,
=, and €, baryon masses to date.

PACS 14.20.Mr — Bottom baryons (|B| > 0).

1. — Introduction

Several properties of bottom baryons such as masses, lifetimes and production rates,
are predicted using Quantum Chromodynamics (QCD) calculations. To date, the
most accurate theoretical mass predictions in terms of uncertainties are obtained with
constituent-quark models [1]. Other attempts using different techniques such as the QCD
sum rule approach to the HQET framework or lattice-QCD calculations provide compat-
ible results [2-8]. Experimentally, only single-b baryons have been observed so far and
few precise measurements of their masses, lifetimes and productions rates exist.

The first b baryon to be observed and have its mass measured was the AJ [9]. Between
2007 and 2009 the DO and CDF experiments observed the =, and ), baryons and
measured their masses [10-12]. They agree on the Z;” mass but disagree at the 6 o
level about the Q one. Using 1fb~! of pp collisions at a centre-of-mass energy of
/s = 7TeV recorded with the LHCb detector during the year 2011, we are able to extend
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Fig. 1. — Schematic view of the LHCDb detector.

the knowledge about weakly decaying bottom baryons. High-precision measurements of
the A), =, and 2, masses have been performed and are reported hereafter.

The LHCD detector [13], shown in fig. 1, is a single-arm forward spectrometer covering
the pseudorapidity range 2 < n < 5, designed for the study of particles containing ¢ or b
quarks. The detector includes a high precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power of about 4 Tm, and three sta-
tions of silicon-strip detectors and straw drift tubes placed downstream. The combined
tracking system has a momentum resolution Ap/p that varies from 0.4% at 5GeV/c to
0.6% at 100 GeV/e, and an impact parameter resolution of 20 um for tracks with high
transverse momentum. Charged hadrons are identified using two ring-imaging Cherenkov
detectors. Photon, electron and hadron candidates are identified by a calorimeter system
consisting of scintillating-pad and preshower detectors, an electromagnetic calorimeter
and a hadronic calorimeter. Muons are identified by a system composed of alternating
layers of iron and multiwire proportional chambers. The trigger [14] consists of a hard-
ware stage, based on information from the calorimeter and muon systems, followed by a
software stage which applies a full event reconstruction.

2. — Momentum scale calibration

In order to accurately measure invariant masses, the momentum of all daughter parti-
cles must be known with high precision. At LHCb, the momenta of charged particles are
measured using the tracking devices on both sides of the magnetic field. The precision of
momentum measurements is limited by the imperfect alignment and the finite knowledge
of the magnetic field. To extend the precision, a momentum scale calibration is applied
which compensates for these two effects.
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Fig. 2. — Average momentum scale bias a determined from the reconstructed mass of various
decay modes after the momentum calibration procedure. The K¢ decays are divided into two
categories according to whether both daughter tracks (a) have hits or (b) do not have hits
in the vertex detector. The black error bars represent the statistical uncertainty whilst the
(yellow) filled areas also include contributions to the systematic uncertainty from the fitting
procedure, the effect of QED radiative corrections, and the uncertainty on the mass of the
decaying meson [15]. The (red) dashed lines show the assigned uncertainty of +0.3 x 10™* on
the momentum scale.

In a first step, the data taking period is divided into 12 sub-ranges. For each sub-range,
a correction factor for the momentum is applied based on the measured J/v¢ — p™p~
mass as compared to the known value.

In the second step one estimates the absolute momentum scale which is based on
the high-statistics BT — J/¥ K™ decay. There, the J/t¢ mass is constrained to its
known value which leaves the K™ momentum as the only contributing parameter. Since
the calibration depends only on this track, we split the sample into bins of track slope
(T = ps/p- and T), = p, /p.) of the K track. Therefore the momentum calibration is
performed separately in such bins.

Finally, the residual bias is evaluated by comparing the masses of other reconstructed
resonances to their known value, as shown in fig. 2. The residual bias is called « and is
calculated so that multiplying the momentum of every final state track by (1 — «), the
reconstructed invariant mass is shifted to the PDG mass. We assigned an error on the
momentum scale of ayax = 0.3 x 103,

3. — Mass measurements

All candidates are selected with cuts. The A} selection is based on the selection
with 2010 data [16] whereas the other two selections were optimized using relative yield
estimates from CDF and DO0. In the end, the =, and (), selections are almost identical.
We take particular advantage of the decay topology by cutting on the flight distance. In
all three cases we use tracks with and without vertex detector information.

For all three channels, the mass was obtained by performing an extended unbinned
maximum-likelihood fit, shown in fig. 3. The signal is described with a single (double)
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Fig. 3. — Invariant mass distribution for (a) Aj) — J/¥A, (b) E;, — J/¥Z" and (c) Q, — J/¥Q~
candidates. The results of the unbinned maximume-likelihood fits are shown with solid lines.

Gaussian function for the =, and € (AJ) channels. In the case of the 2, baryon, the
width of the Gaussian function is constrained to the =, width multiplied by the appro-
priate width ratio from simulation. The background is modelled in all three cases with
an exponential function. The yields, widths and masses with their respective statistical
uncertainties are reported in table I.

The statistical significance of the €2, signal has been studied using simulated pseudo-
experiments to take into account the so-called look-elsewhere effect [17]. The significance
was found to be greater than 6 standard deviations.

The fits and the candidate reconstruction are both repeated varying in turn all pa-
rameters within their uncertainty. The difference with respect to nominal fit is then
taken as the systematic uncertainty on the mass measurement. The considered sources
of uncertainty are the momentum scale, energy loss (dF/dz) corrections and the fit pa-
rameters for signal and background. A calculation of the effect of the uncertainty on
the constrained hyperon mass is also performed and included as a source of systematic
uncertainty. All systematic uncertainties are summarised in table II.

TABLE 1. — Results of the fits to the invariant mass distributions. The quoted uncertainties are
statistical. The A} signal is described by a double Gaussian function with widths o1 and oa; the
fraction of the yield described by the first component is 0.58 +0.11.

Signal yield Mass [MeV/c?] Width(s) [MeV/c?]
AY 6870 4 110 5619.53 +0.13 o1 =04£05
02 =125+ 1.3
i 111412 5795.8 + 0.9 7.8+0.7
Q 1945 6046.0 + 2.2 7.2 (fixed)
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TABLE I1. — Systematic uncertainties (in MeV/c®) on the mass measurements and their differ-
ences. The total systematic uncertainty is obtained from adding all uncertainties in quadrature.

Source AY By Q, Eg—Ag Qg—Ag
Momentum scale 0.43 0.43 0.31 0.01 0.12
dE/dz correction 0.09 0.09 0.09 0.01 0.01
Hyperon mass 0.01 0.07 0.25 0.07 0.25
Signal model 0.07 0.01 0.24 0.07 0.25
Background model 0.01 0.01 0.02 0.01 0.02
Total 0.45 0.45 0.47 0.10 0.37

The largest systematic uncertainty comes from the momentum calibration. In mass
differences, it strongly cancels which lets the hyperon mass constraint and signal model
become the most significant contribution.

4. — Summary
LHCD provides the most precise A), =, and €2, mass measurements to date:
M(AY)) = 5619.53 4+ 0.13 (stat) + 0.45 (syst) MeV/c?,

M(E,) = 5795.8 £ 0.9 (stat) £ 0.4 (syst) MeV/c?,
M(Q; ) = 6046.0 + 2.2 (stat) & 0.5 (syst) MeV/c2.

The dominant systematic uncertainty, due to the knowledge of the momentum scale,
partially cancels in mass differences. We obtain

(1]

M(
M(

5 ) — M(A)) =176.2 £ 0.9 (stat) £ 0.1 (syst) MeV/c?,
) — M(AY) = 426.4 + 2.2 (stat) + 0.4 (syst) MeV /c?.

S

The A) and Z; results are in agreement with previous measurements. The € re-
sult is in agreement with the CDF measurement [12], but in disagreement with the D0
measurement [11].

Combining the measurement of the A mass with the previous LHCb result performed
using 35pb~! of data recorded during the year 2010 [16] yields

M(AY) = 5619.44 4 0.13 + 0.38 MeV /2.

All measurements are compared in fig. 4 with the most precise measurements from
ATLAS, CDF and DO, and with the current world averages [15].

New b-baryon measurements including 2011 and 2012 data (1fb~! +2fb~1) are soon
to come. The lifetimes of Ag, =, and ) are among the studies with high priority. In
addition, there are excellent prospects for further spectroscopy at LHCb in the years to
come. Additional 5fb~! of data at least are expected by 2017 with a b-hadron production
cross section twice as large.
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Fig. 4. — Comparison between LHCb measurements and previous most precise measurements of
ATLAS, CDF and DO.
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