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Using a pp collision data sample corresponding to an integrated luminosity of 3.0 fb~!, collected by the

——

LHCb detector, we present the first search for the strangeness-changing weak decay E; — Az~. No b
hadron decay of this type has been seen before. A signal for this decay, corresponding to a significance
of 3.2 standard deviations, is reported. The relative rate is measured to be

f=;
Sao

b

B(E, — Adz~) = (5.7 +1.870%) x 1074,

where fz- and f Ay are the b — E; and b — A fragmentation fractions, and B(Z, — AYz~) is the

branching fraction. Assuming fz- /f A is bounded between 0.1 and 0.3, the branching fraction
B(E; - Az~) would lie in the range from (0.57 & 0.21)% to (0.19 & 0.07)%.
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Measurements of the lifetimes of beauty baryons provide
an important test of heavy-quark effective theory (HQET)
[1-8] in which it is predicted that the decay width is
dominated by the weak decay of the heavy b quark. Large
samples of b baryons have been collected by LHCb,
enabling precise measurements of their masses and life-
times [9-12], which are generally in good agreement with
HQET predictions. Recently, it has been noted [13—16] that
for the &, and Eg baryons, the weak decay of the s quark
could contribute about 1% to the total decay width. It has
also been argued [13] that if the light diquark system has
JP = 0" and exhibits the diquark correlations suggested in
Refs. [17,18], this could enhance the contribution from the
weak decay of the s quark in the = (Eg) baryon to a level
that ranges from 2% to 8% (1% to 4%). Such a large rate
would affect the comparison between HQET predictions
and measurements of the Z; and =) lifetimes.

These ideas can be tested by studying the decay
=, — Az, in which the s quark in the Z; (bds) under-
goes a s — uiid weak transition to a A2 (bud) baryon and a
7~ meson. A measurement of the rate of this process would
provide valuable experimental input on the size of the
aforementioned contributions to the Z; decay width, as
well as on the J¥ = 0" diquark potential.

We present a search for the decay 5, — Agﬂ'_, where the
AY baryon is reconstructed through its decay to A z~, with
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AT — pK~n". The signal yield is normalized with respect
to the total number of A) decays reconstructed in the same
final state. Charge conjugate processes are implied through-
out. The quantity that is measured is

r EEB(E; - Nr7) =

fao

b

N(E: - AV~
UT(]DI?)%] (1)

where sz? and f Ao are the b - E; and b — Ag fragmen-

tation fractions, N(Z; — A%z~) and N(A?) are the signal
yields, and €, is the relative efficiency between the
normalization and signal modes. The signal for the &, —
A7~ decay is a narrow peak at 38.8 = 0.5 MeV/c? [12] in
the spectrum of the mass difference, 6m = M(A)z~)—
M(AY)) — m,, where M(A9z~) and M(AY) are the invariant
masses of the respective candidates, and m, is the n~
mass [19].

The measurement uses proton-proton (p p) collision data
samples collected by the LHCb experiment, corresponding
to an integrated luminosity of 3.0 fb~!, of which 1.0 fb™!
was recorded at a center-of-mass energy of 7 TeV and
2.0 fb~! at 8 TeV.

The LHCb detector [20] is a single-arm forward spec-
trometer 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,
which provides a momentum measurement with relative
uncertainty of about 0.5% from 2-100 GeV/c and an
impact parameter resolution of 20 um for particles with
large transverse momentum (py). The polarity of the dipole
magnet is reversed periodically throughout the taking of
data to reduce asymmetries in the detection of charged
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particles. Ring-imaging Cherenkov detectors [21] are used
to distinguish different types of charged hadrons. Photon,
electron, and hadron candidates are identified using a
calorimeter system, which is followed by detectors to
identify muons [22].

The trigger [23] consists of a hardware stage, based on
information from the calorimeter and muon systems, and a
software stage, which applies a full event reconstruction
[23,24]. The software trigger requires a two-, three-, or four-
track secondary vertex that is significantly displaced from
the primary p p interaction vertices (PVs) and whose tracks
have a large scalar p; sum. At least one track should have
pr > 1.7 GeV/c and be inconsistent with coming from any
of the PVs. The signal candidates are also required to pass a
multivariate software trigger selection algorithm [24].

Proton-proton collisions are simulated using PYTHIA
[25] with a specific LHCb configuration [26]. Decays of
hadronic particles are described by EVTGEN [27], in which
final-state radiation is generated using PHOTOS [28]. The
interaction of the generated particles with the detector, and
its response, are implemented using the GEANT4 toolkit
[29] as described in Ref. [30].

Candidate AY decays are formed by combining A —
pK~n" and n~ candidates in a kinematic fit [31]. The
selection criteria are identical to those used in Ref. [12],
except that no requirement is made on the particle iden-
tification (PID) information for the z~ candidate. For each
combination of a A) candidate and a PV in the event, the
quantity y7, is computed, defined to be the difference in y?
of the PV fit when the Ag particle is included or excluded
from the fit. The AY candidate is assigned to the PV with the
smallest y2.

Right-sign (RS) E; — Az~ candidates are obtained
by combining a AY candidate with mass in the range
5560-5680 MeV/c? with a z~ candidate, and wrong-sign
(WS) candidates are likewise formed from Ag:ﬁ combi-
nations. The pions are required to have p; > 100 MeV/c,
and to have PID information consistent with a 7+ meson.
Because these pions are generally consistent with emanat-
ing from the PV, the PID requirement helps to suppress
background from other particle types. A second kinematic
fit is used to compute om; it exploits both vertex and
invariant mass constraints, requiring for the latter that the
invariant masses of the pK~z+ and Az~ systems are equal
to the known A} and AY masses.

Three boosted decision tree (BDT) multivariate discrim-
inants [32,33] are used to suppress background, one for the
normalization mode (BDT1), and two for the signal mode
(BDT2 and BDT3). BDT1 is used specifically to suppress
the combinatorial background contribution in the Ag
normalization mode. Five input variables are used: the
x* of the AY kinematic fit, the y3, of the AY, Af, and 7~
candidates, and the y% of the A) candidate. Here, % is the
difference between the y> of the PV fit with and without the

AY daughter particles included in the fit. A large y¥
indicates that the A(b) decay vertex is well separated from its
associated PV. Simulated Ag — Al zn~ decays are used to
model the signal distributions of the BDT1 input variables,
and candidates with M(A}z~) > 5700 MeV/c? are used
to model the corresponding background spectra. A loose
selection on the BDT1 output is applied, which provides
an efficiency of (98.6 £ 0.5)%, while reducing the back-
ground by a factor of four.

The invariant mass spectrum of selected Az~ candi-
dates is displayed in Fig. 1. The yield is determined from an
unbinned extended maximum likelihood fit using the signal
and background shapes as described in Ref. [11]. The fitted
number of A) — Afz~ decays is (256.7 +0.6) x 103, and
the fraction N(A) > AFK™)/N(A) - Afz™) = (5.9+
0.2)%, where the uncertainties are statistical only. In the
mass region 5560-5680 MeV/c?, the fitted yields of
A) > Afz~ and AY - AfK~ decays are 253300 and
11 700, respectively. Since misidentified Ag - AFK™ sig-
nal decays also contribute to the Z; — Az~ signal,
they are included in the total normalization mode yield.
Thus, the signal yield for the normalization mode is
(265 £ 1) x 10%.

The second BDT (BDT2) has the same purpose as
BDT1, except that it is applied to the Ag candidates within
the Z; — Az~ sample. This alternate BDT is needed since
the lifetime of the & baryon is about the same as that of the
AY baryon, thus leading to larger typical values of y¥
compared to the inclusively produced Ag sample. A similar
training to that of BDT1 is performed, except that the signal
distributions are taken from simulated Z; — Az~ decays.
A loose selection on the BDT?2 output yields an efficiency
of (99.0 +0.5)%.

The third BDT (BDT3) is used to distinguish real

E, — Az~ decays from AY baryons combined with a
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FIG. 1 (color online). Invariant mass spectrum for selected
AY — Afz~ candidates in data.
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random 7z~ candidate. Because of the small energy release
in the E; — Az~ decay, the A) and 7z~ directions are
nearly collinear with that of the Z; . This makes it difficult
to identify the AY and z~ daughters as particles produced at
a secondary vertex. The input variables used in BDT3 are
the flight distance and y%4 of the E; candidate, the y% of
the AY candidate, and the y% and py of the low-momentum
(slow) n~ daughter of the =, candidate. The signal
distributions of these variables are taken from simulated
H;, — Az~ decays, and the background spectra are taken
from WS candidates that have 34 < dm < 44 MeV/c>.
Separate training and test samples were compared and
showed no bias due to overtraining.

A loose selection on the BDT3 output is applied,
rejecting about 3% of the expected signal events. The
selected events are divided into two signal-to-background
(S/B) regions according to the BDT3 output: a high-S/B
region and a low-S/B region. The split between the high-
and low-S/ B regions is chosen to provide optimal expected
sensitivity. The expected ratio of yields in the low-S/B to
high-S/B regions is 1.60, which is fixed in the fit to data.

An event may have more than one E; candidate; this is
almost always due to a single A candidate being combined
with more than one z~ candidate. The average number of
candidates in events that contain a candidate in the low-S/B
region is 1.35, and 1.02 in events that contain a candidate
in the high-S/B region. All candidates are kept. Potential
bias on the signal yield determination due to this choice
was investigated, and none was found.

Four disjoint subsamples of data are used in the fits, split
by charge (RS, WS) and by S/B region (low, high).
Including the WS data allows additional constraints on
the shape of the combinatorial background, and also
provides a consistency check that the signal yield in the
Agzﬁ mode is consistent with zero. In these four ém spectra
we allow for three contributions: a =; — Az~ signal,

+ .
strong decays of 2;}*) — AY7* resonances, and combina-

torial background. The low-S/B region contains almost all

of the Zﬁ,*)i — AY7* signal decays. The primary reason for
including the low-S/B regions is that they contain almost

all of the Z(b*)i — AYz* signal decays. This leads to tighter

constraints on the ngﬁ — A)7* mass shapes in the high-
S/B region, since the shape parameters are common to the
low- and high-S/B regions. A simultaneous unbinned
extended maximum likelihood fit is performed to the four
dm spectra, in the range 2—122 MeV/c?, using the signal
and background shapes discussed below.

The ém signal shape is obtained from simulated &, —
A9z~ decays, allowing for different signal shapes in the
low- and high-S/B regions. Each sample is fit to the sum of
two Gaussian functions with a common mean value. The
shapes are slightly different, but the average resolution,
given as the weighted average of the two Gaussian widths,

is 1.57 MeV/c? in both cases. All signal shape parameters
are fixed in fits to data, including the mean, which is fixed
to M(E;) — M(A)) —m,- =38.8 MeV/c? [12]. A scale
factor of 1.10 is applied to the widths to account for slightly
worse resolution in data than simulation, as determined
from a study of the dm resolution in D** — D%z decays
[34]. Variations in this value are considered as a source of
systematic uncertainty.

The contributions from the =i and Zzi resonances are
each modeled using a relativistic Breit Wigner shape [35].
Each of them is convolved with a resolution function
obtained from simulated Zé*)_ decays, and is parameterized
as the sum of three Gaussian distributions with a common
mean. The average resolution is 1.97 MeV/c? for £, and

2.25 MeV/c? for £;~. The Z)* masses and natural widths
are freely varied in the fit to data, but the Gaussian widths
are fixed and include a scale factor of 1.10, as indicated
previously. The masses and widths of the Zgﬁi resonances
are being studied in a separate analysis.

The combinatorial background is described by the
threshold function

Soack(8m) o< (8m)* (1 = e=/€), (2)

where the parameters A and C are freely varied in the fit to
data. One set of parameters is used for the low-S/B region,
and a separate set for the high-S/B region. For each S/B
region, the RS and WS spectra share a common set of
parameters.

The resulting mass fits are shown in Fig. 2. The £ and
¥+ signals appear prominently, and are constrained by the
data in the low-S/B spectra (top pair of plots). The data
show an enhancement at the expected om value for the
=, — Az~ decay in the RS high-S/B region, but no such
excess is seen in the corresponding WS sample. The total
fitted signal yields for the RS and WS samples are
103 433 and —7 + 28, respectively.

The relative efficiency between the normalization and
signal modes can be expressed as
acc rec .BDT1.2

€r0 eiFelre
— b __ “rel “rel “rel
€rel = e - ) ( 3 )

GE; -only

b

where € = 1.03 4= 0.01 is the relative efficiency for all
of the stable daughter particles to be within the LHCb
acceptance, e = 1.38 £0.02 is the relative efficiency
for reconstruction and selection, including the p; >
100 MeV/c¢ requirement on the 7z~ meson, ei?“'z =
1.00 £ 0.01 is the relative efficiency of the BDT1 and

BDT?2 selections, and €z only = 0.95 +0.01 includes the
BDTS3 requirement and the PID selection criteria on the 7z~
candidate. The relative efficiencies are obtained from
simulated Z; — Az~ events and inclusively produced
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FIG. 2 (color online).
(bottom right) WS high S/B.

A — Afn~ decays, except for the PID requirements,
which are taken from D** — D%z" calibration data. The
relative efficiency is, therefore, 1.47 + 0.03.

Several sources of systematic uncertainty affect the
signal yield determination and thus the signal significance.
Additional sources of systematic uncertainty contribute to
the determination of r,. The uncertainties are summarized
in Table I. In the default fit, the Z, signal peak position is
fixed to the nominal value of ém = 38.8 MeV/ ¢%, which
has an uncertainty of 0.5 MeV/c?. We therefore refit the
data with the peak position shifted by +0.5 MeV/c?,
obtaining changes of —6.4% and +4.9% in the yield.
These values are assigned as a systematic error. Uncertainty
in the signal yield due to the fixed mass resolution scale
factor of 1.10 is investigated by varying it by +0.05, and we
assign the average change in yield of 3.0% as a systematic
error. Variations in the corresponding scale factor for the

Z,(,*)_ resonances were investigated, and were found to have
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negligible impact on the Z; — A%z~ signal yield. Different
choices for the fit range and the combinatorial background
function were investigated; among these fit variations, a
maximum shift in the signal yield of 12.6% was found. The
full difference is assigned as a systematic uncertainty.
Additional systematic uncertainties that affect r, include
the relative efficiency between the low- and high-S/B
regions, the slow 7~ detection efficiency, and the yield of
Ag decays. In comparing the BDT1 distributions for
A9 — Afzn~ signal in data and simulation, as well as the
background distributions for BDT3 in data and simulation,
the relative efficiencies do not vary by more than 2% for
any BDT selection. We therefore assign 2% as a systematic
uncertainty. The 7z~ meson from the E; decay must
be reconstructed and must have p; > 100 MeV/c. The
tracking efficiency uncertainty is assessed using data-
driven techniques [36], and is less than 1.6%. The uncer-
tainty due to the p; requirement is estimated by
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TABLE I. Relative systematic uncertainties (in percent) on the
signal yield determination and on the quantity ( = /f A?)Bx
(8, = A)z™), as described in the text.

Source Value (%)
Mean ém P
Signal resolution 3.0
Combinatorial background shape 12.6
e(highS/B)/e(lowS/B) 2.0
Slow z~ efficiency 2.3
AY normalization mode yield 1.0
Simulated sample size 2.1
Total for signal significance e
14.4
Total for r, 4 o

interpolating the p; spectrum from 100 MeV/c¢ to zero in
simulated decays, and assuming that the fraction of signal
events in this p; region in data could differ from the
simulated fraction by as much as 25%. This leads to a
model uncertainty of 1.7%. Thus, an uncertainty of 2.3% is
assigned to the detection of the z~ from the &, decay.

For the number of A?, signal events, we assign a 1.0%
uncertainty, which includes both the statistical component
and a systematic uncertainty due to the signal and back-
ground shapes used to fit the A7z~ mass spectrum.

To check the robustness of the signal, the data were
partitioned into different subsamples and the fitted yields in
each were determined independently. The subsamples con-
sisted of only 2012 data (~2/3 of the data set), only negative
magnet polarity data (~50% of the data sample), and only
Agﬂ‘ data, not A 27:* (expected to be ~50%). In all three
cases, the signal yields are compatible with expectations.
Other robustness checks were also performed, such as placing
astringent PID requirement on the 7™, fitting only the RS data,
and using only raw invariant masses (without the full
kinematic fit). Upward and downward variations are
observed, but in all cases, the fitted yields are consistent with
expectations.

The significance of the signal is computed with Wilks’s
theorem [37]. The systematic uncertainty is included by
convolving the likelihood function with a bifurcated
Gaussian distribution whose widths are given by the
asymmetric uncertainties in Table I, which leads to a
significance of 3.26. We thus have evidence for the
=, — Az~ decay.

With the yields and relative efficiencies presented
previously, we find

%B(E; - A7) = (5.7 £1.8708) x 1074,
b

where the uncertainties are statistical and systematic,
respectively. To assess what this value implies in terms

of B(E, - AYz~), we consider a plausible range for
f = /f A from 0.1-0.3, based on measured production rates

of other strange particles relative to their nonstrange
counterparts [19,38—41]. Assuming fE; /f A is bounded

between 0.1 and 0.3, the branching fraction B(Z; — A)z~)
would be in the range from (0.57+0.21)% to
(0.19 £ 0.07)%.

In summary, we present the first evidence for the
E, — Az~ decay, which is mediated by the weak tran-
sition of the s quark. With the above assumptions for
f=:/f A9» the measured value for B(E; - Az~) is con-
sistent with the range of 0.19%-0.76%, predicted in
Ref. [14] assuming the diquark transitions have roughly
the same weak amplitude as in B, D, and K meson decays.
The results are also consistent with the value of 0.57%—
0.62%, obtained using either a current algebra or pole-
model approach, but are inconsistent with the values of
0.01% and 0.012% using the factorization approximation
or the quark line approach [16]. The measured value of
B(E; — AYz~) disfavors a large enhancement to the decay
rate of E, baryons from the s — wuitd transition, which
could occur if the short-distance correlations within the
JP = 0" diquark system are enhanced, as suggested in
Refs. [13,17,18].
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