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Decays of the Z; and Q; baryons to the charmless final states ph~h'~, where h") denotes a kaon or pion,
are searched for with the LHCb detector. The analysis is based on a sample of proton-proton collision data
collected at center-of-mass energies /s = 7 and 8 TeV, corresponding to an integrated luminosity of
3 fb~!. The decay E; — pK~ K~ is observed with a significance of 8.7 standard deviations, and evidence
at the level of 3.4 standard deviations is found for the Z;, — pK~ 7~ decay. Results are reported, relative

to the B~ — K"K~ K~ normalization channel, for the products of branching fractions and b-hadron
production fractions. The branching fractions of ;, — pK~ 7~ and B — pz~ 7z~ relativeto &, — pK~ K~

decays are also measured.
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Decays of b hadrons to final states that do not contain
charm quarks provide fertile ground for studies of CP
violation, i.e., the breaking of symmetry under the com-
bined charge conjugation and parity operations. Significant
asymmetries have been observed between B and B partial
widths in B® — K~ z+ [1-4] and B — K*7~ [3,4] decays.
Even larger CP-violation effects have been observed in
regions of the phase space of B~ - n'n 2, K n'n,
KTK K-, and K*K 7z~ decays [5-7]. A number of
theoretical approaches [8—18] have been proposed to
determine whether the observed effects are consistent with
being solely due to the nonzero phase in the quark
mixing matrix [19,20] of the standard model, or whether
additional sources of asymmetry are contributing.

Breaking of the symmetry between matter and anti-
matter has not yet been observed with a significance of
more than 5 standard deviations (o) in the properties of any
baryon. Recently, however, the first evidence of CP
violation in the b-baryon sector has been reported from
an analysis of Ag — pr~xtn~ decays [21]. Other CP-
asymmetry parameters measured in Ag baryon decays to
pr~, pK~ 3], KOpr~ [22], AK" K=, and AK "~ [23] final
states are consistent with zero within the current exper-
imental precision; these comprise the only charmless
hadronic b-baryon decays that have been observed to date.
It is therefore of great interest to search for additional
charmless b-baryon decays that may be used in the future to
investigate CP-violation effects.
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In this Letter, the first search is presented for decays of
E, and Q; baryons, with constituent quark contents of bsd
and bss, to the charmless hadronic final states ph~h'~,
where 4) is a kaon or pion. The inclusion of charge-
conjugate processes is implied throughout. Example decay
diagrams for the ;' — pK~K~ mode are shown in Fig. 1.
Interference between Cabibbo-suppressed tree and loop
diagrams may lead to CP-violation effects. The & —
pK~n~ and Q, — pK~ K~ decays proceed by tree-level
diagrams similar to that of Fig. 1 (left). Diagrams for
Q, — pK~n~ and both E; and €, — pz~z~ require
additional weak interaction vertices. The rates of these
decays are therefore expected to be further suppressed.

The analysis is based on a sample of proton-proton
collision data, recorded by the LHCb experiment at center-
of-mass energies /s =7 and 8 TeV, corresponding to
3 fb~! of integrated luminosity. Since the fragmentation
fractions f = and f' o which quantify the probabilities for a
b quark to hadronize into these particular states, have not
been determined, it is not possible to measure absolute
branching fractions. Instead, the product of each branching
fraction and the relevant fragmentation fraction is deter-
mined relative to the corresponding values for the topo-
logically similar normalization channel B~ - KTK~K~

FIG. 1.

Tree (left) and loop (right) diagrams for the
E, — pK~ K~ decay channel.
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(the B~ fragmentation fraction is denoted f,). Once one
significant signal yield is observed, it becomes possible to
determine ratios of branching fractions for decays of the
same baryon to different final states, thus canceling the
dependence on the fragmentation fraction.

The LHCDb detector [24,25] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < 5 < 5,
designed for the study of particles containing b or ¢ quarks.
The pseudorapidity is defined as — In[tan(6/2)] where 0 is
the polar angle relative to the beam axis. The detector
elements that are particularly relevant to this analysis are a
silicon-strip vertex detector surrounding the p p interaction
region that allows b hadrons to be identified from their
characteristically long flight distance, a tracking system
that provides a measurement of the momentum p of
charged particles, two ring-imaging Cherenkov detectors
that enable different species of charged hadrons to be
distinguished, and calorimeter and muon systems that
provide information used for online event selection.
Simulated data samples, produced with software described
in Refs. [26-31], are used to evaluate the response of the
detector to signal decays and to characterize the properties
of certain types of background. These samples are gen-
erated separately for center-of-mass energies of 7 and
8 TeV, simulating the corresponding data-taking condi-
tions, and combined in appropriate quantities.

On-line event selection is performed by a trigger [32]
that consists of a hardware stage, based on information
from the calorimeter and muon systems, followed by a
software stage, which applies a full event reconstruction.
At the hardware trigger stage, events are required to
contain either a muon with high transverse momentum
pr or a particle that deposits high transverse energy in
the calorimeters. For hadrons, the transverse energy
threshold is typically 3.5 GeV. The software trigger for
this analysis requires a two- or three-track secondary
vertex with significant displacement from the primary pp
interaction vertices (PVs). At least one charged particle
must have p; above a threshold of 1.7(1.6) GeV/c in the
/s =7(8) TeV data. This particle must also be incon-
sistent with originating from any PV as quantified
through the difference in the vertex-fit y*> of a given
PV reconstructed with and without the considered particle
(¢%). A multivariate algorithm [33] is used for the
identification of secondary vertices consistent with the
decay of a b hadron.

The off-line selection of b-hadron candidates formed
from three tracks is carried out with an initial prefiltering
stage, a requirement on the output of a neural network [34],
and particle identification criteria. To avoid potential bias,
the properties of candidates with invariant masses in
windows around the Z; and €2, masses were not inspected
until after the analysis procedures were finalized. The
prefiltering includes requirements on the quality, p, pr,
and y?%, of the tracks. Each b candidate must have a good

quality vertex that is displaced from the closest PV (i.e.,
that with which it forms the smallest y7,), must satisfy p
and py requirements, and must have reconstructed invariant
mass loosely consistent with those of the b hadrons. A
requirement is also imposed on the angle 8, between the
b-candidate momentum vector and the line between the PV
and the b-candidate decay vertex. In the off-line selection,
trigger signals are associated with reconstructed particles.
Selection requirements can therefore be made not only on
which trigger caused the event to be recorded, but also on
whether the decision was due to the signal candidate or
other particles produced in the pp collision [32]. Only
candidates from events with a hardware trigger caused by
deposits of the signal in the calorimeter, or caused by other
particles in the event, are retained. It is also required that the
software trigger decision must have been caused by the
signal candidate.

The inputs to the neural network for the final selection are
the scalar sum of the p; of all final-state tracks, the values of
prand %, for the highest p final-state track, the b-candidate
cos(By;, ), vertex y? and y?, together with a combination of
momentum information and 6y, that characterizes how
closely the momentum vector of the b candidate points back
to the PV. The p; asymmetry between the b candidate and
other tracks within a circle, centered on the b candidate, with

a radius R = \/n> + 6¢* < 1.5 in the space of pseudor-
apidity and azimuthal angle ¢ (in radians) around the beam

direction [35] is also used in the network. The distributions of
these variables are consistent between simulated samples of
signal decays and the B~ — K™K~ K~ normalization chan-
nel, and between background-subtracted B~ - K"K~ K~
data and simulation. The neural network input variables are
also found to be not strongly correlated with either the b-
candidate mass or the position in the phase space of the decay.
The neural network is trained to distinguish signal from
combinatorial background in the B~ — K™K~K~ channel,
using a data-driven approach in which the two components
are separated statistically using the sPlot method [36] with
the b-candidate mass as the discriminating variable. The
requirement on the neural network output is optimized using
a figure of merit [37] intended to give the best chance to
observe the signal decays. The same neural network output
requirement is made for all signal final states, and has an
efficiency of about 60%.

Using information from the ring-imaging Cherenkov
detectors [38], criteria that identify uniquely the final-state
tracks as either protons, pions, or kaons are imposed,
ensuring that no candidate appears in more than one of the
final states considered. For pions and kaons these criteria
are optimized simultaneously with that on the neural
network output, using the same figure of merit. The desire
to reject possible background from B~ — KTh~h'~ in the
signal modes justifies independent treatment of the proton
identification requirement. In the simultaneous optimiza-
tion, the efficiency is taken from control samples while the

071801-2



PRL 118, 071801 (2017)

PHYSICAL REVIEW LETTERS

week ending
17 FEBRUARY 2017

expected background level is extrapolated from sidebands
in the b-candidate mass distribution. The combined effi-
ciency of the particle identification requirements is about
30% for the pK~K~, 40% for the pK~z~, and 50% for the
pr~n~ final state.

In order to ensure that any signal seen is due to charmless
decays, candidates with p K~ invariant mass consistent with
the 5 — B0~ — pK~h~ or B; — B0~ — pa~h~ decay
chain are vetoed. Similarly, candidates for the normaliza-
tion channel with KK~ invariant mass consistent with the
B~ — D°K~ — K*K~K~ decay chain are removed. After
all selection requirements are imposed, the fraction of
selected events that contain more than one candidate is
much less than 1%; all such candidates are retained.

The yields of the signal decays are obtained from a
simultaneous unbinned extended maximum likelihood fit to
the b-candidate mass distributions in the three ph~h'~ final
states. This approach allows potential cross feed from one
channel to another, due to particle misidentification, to be
constrained according to the expected rates. The yield of
the normalization channel is determined from a separate fit
to the K™K~ K~ mass distribution.

Each signal component is modeled with the sum of two
Crystal Ball (CB) functions [39] with shared parameters
describing the core width and peak position and with non-
Gaussian tails to both sides. The tail parameters and the
relative normalization of the CB functions are determined
from simulation. A scale factor relating the width in data
to that in simulation is determined from the fit to the
normalization channel. In the fit to the signal modes the
peak positions are fixed to the known Z; and Q; masses
[40-42]; the only free parameters associated with the signal
components are the yields.

Cross-feed backgrounds from other decays to ph~h'~
final states are also modeled with the sum of two CB
functions, with all shape parameters fixed according to
simulation but the width scaled in the same way as signal
components. Cross-feed backgrounds from B~ — K*h™h'~
decays are modeled, in the mass interval of the fit, by
exponential functions with shape fixed according to sim-
ulation. The yields of all cross-feed backgrounds are
constrained according to expectations based on the yield
in the correctly reconstructed channel and the (mis)iden-
tification probabilities determined from control samples.

In addition to signal and cross-feed backgrounds,
components for partially reconstructed and combinatorial
backgrounds are included in each final state. Partially
reconstructed backgrounds arise due to b-hadron decays
into final states similar to the signal, but with additional
soft particles that are not reconstructed. Possible examples
include Z; > NTh~h'~— pa°h~h'~ and E; - pK*~h™ -
pK~7°h~. Such decays are investigated with simulation and
it is found that many of them have similar b-candidate mass
distributions. The shapes of these backgrounds are therefore
taken from Z; — N*h~h'~ — pz°h~h'~ simulation, with

possible additional contributions considered as a source
of systematic uncertainty. The shapes are modeled with an
ARGUS function [43] convolved with a Gaussian function.
The parameters of these functions are taken from simulation,
except for the threshold of the ARGUS function, which is
fixed to the known mass difference Mz — Mo [40,44]. The

combinatorial background is modeled by an exponential
function with the shape parameter shared between the three
final states. Possible differences in the shape between the
different final states are considered as a source of systematic
uncertainty. The free parameters of the fit are the signal
and background yields, and the combinatorial background
shape parameter. The stability of the fit is confirmed using
ensembles of pseudoexperiments with different values of
signal yields.

The results of the fits are shown in Fig. 2. The
significance of each of the signals is determined from
the change in likelihood when the corresponding yield is
fixed to zero, with relevant sources of systematic uncer-
tainty taken into account. The signals for E; — pK~K~
and pK~ 7~ decays are found to have a significance of 8.7¢
and 3.40, respectively; each of the other signal modes has a
significance less than 2¢. The relative branching fractions
multiplied by fragmentation fractions are determined as

_fs, B(E; = ph™h")
PN = B(B~ = KTK K™)
N(E, - ph™h'~) ¢(B- - K"K"K")

:N(B_ — KK K™) €&, - ph™h'~) ° (n)

R

where the yields A are obtained from the fits. A similar
expression is used for the Q;” decay modes. The efficiencies e
are determined from simulation, weighted according to the
most recent E; and €, lifetime measurements [40-42],
taking into account contributions from the detector geometry,
reconstruction, and both on-line and off-line selection
criteria. These are determined as a function of the position
in phase space in each of the three-body final states. The
phase space for each of the E; and € decays to ph~h'~ is
five dimensional, but significant variations in efficiency
occur only in the variables that describe the Dalitz plot.
Simulation is used to evaluate each contribution to the
efficiency except for the effect of the particle identification
criteria, which is determined from data control samples
weighted according to the expected kinematics of the signal
tracks [38,45]. The description of reconstruction and
selection efficiencies in the simulation has been validated
with large control samples; the impact on the results of
possible residual differences between data and simulation
is negligible.

For the E, - pK K™, B, - pK 77, and B~ —
K+ K™K~ channels, efficiency corrections for each candidate
are applied using the method of Ref. [46] to take the variation
over the phase space into account. Using this procedure, the

071801-3



week ending

PRL 118, 071801 (2017) PHYSICAL REVIEW LETTERS 17 FEBRUARY 2017

soff — v~ T T 1 ] F— T - 1 " " T " 1 3
LHCb —— Data ] 180 LHCb —— Data E
O —— Total fit ] &> 160 f- —— Total fit -
2 40fp =, Si 4 = =, Si E
S Y\, ok =, Sl.gnal ] % wphh ._,llS{gnal =
s ryYy | £, Signal ] = EN, £, Signal E
< 30T 1 Cross-feed bkgd. ] S 120 EN e Cross-feed bkgd.
) C - Part. rec. bkgd. ] — 100F --=- Part. rec. bkgd.
é 20k = — — Comb. bkgd. E g 80 ;_ — — Comb. bkgd. _;
e - ] = ;_‘..‘ -
T F a 1 3 “Bs 3
& 10F ! 3§ w7 E
C N : i 20T ' 3

L. 1 L) 1 0 E L TNy Lo U T

5600 5800 6000 6200 5600 5800 6000 6200
m(pK K) [MeV/c?] m(pK 77) [MeV/c?]
140 F T " T T = r L I
= H LHCb —— Data ] r —— Data b
“§ 120 — T_etgl_ fit | 1 L 10000 — Total fit .
r NV e :[i 1gna ] > r /. B Si 1 7]
S 00Epr €, Signal 4 2 s00F Signa E
N ’ 1 =2 Y A —— Cross-feed bkgd.
IS N e Cross-feed bkgd. 4 o I gd ]
Y N s Part.rec.bked. 4 T r R Part. rec. bkgd. 7
S gd 1 = 6000F .
5 eof +.{.—-Cmb.bkgd. 1 3 - — — Comb. bkgd. ]
= » 1 £ 4000 -
S 40 J4 = N ]
< o ] g [ ]
© 0f Ty 1 O 2000 3
E e + + 4 E ]
0 L 1 = PRASE ERCYT RS Lol e 1 1 ? PRI L -l
5600 5800 6000 6200 100 5200 5300 5400 5500 5600

m(pr ) [MeV/c?]

m(K*KK") [MeV/c2]

FIG. 2. Mass distributions for b-hadron candidates in the (top left) pK~K~, (top right) pK~z~, (bottom left) pz~z~, and (bottom
right) K™K~ K~ final states. Results of the fits are shown with dark blue solid lines. Signals for Z; and B~ (Q;}) decays are shown with
pink (light green) dashed lines, combinatorial backgrounds are shown with gray long-dashed lines, cross-feed backgrounds are shown
with red dot-dashed lines, and partially reconstructed backgrounds are shown with dark blue double-dot-dashed lines.

efficiency-corrected and background-subtracted m(pK~) i,
distribution shown in Fig. 3 is obtained from =, — pK~K~
candidates. Here, m(pK™),,;, indicates the smaller of the two
m(pK~) values for each signal candidate, evaluated with the
&, and the final-state particle masses fixed to their known
values [40,44]. The distribution contains a clear peak from
the A(1520) resonance, a structure that is consistent with
being a combination of the A(1670) and A(1690) states, and
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FIG. 3. Efficiency-corrected and background-subtracted [36]

m(pK~ )i, distribution from E; — pK~ K~ candidates.

possible additional contributions at higher mass. Compared
to the pK~ structures seen in the amplitude analysis of
AY) - J/wpK~ [47], the contributions from the broad
A(1600) and A(1810) states appear to be smaller. A detailed
amplitude analysis will be of interest when larger samples are
available.

For channels without significant signal yields the efficiency
averaged over phase space is used in Eq. (1). A corresponding
systematic uncertainty is assigned from the variation of the
efficiency over the phase space; this is the dominant source
of systematic uncertainty for those channels. The quantities
entering Eq. (1), and the results for R ,-;-, are reported in
Table I. When the signal significance is less than 3o, upper
limits are set by integrating the likelihood after multiplying
by a prior probability distribution that is uniform in the
region of positive branching fraction.

The sources of systematic uncertainty arise from the fit
model and the knowledge of the efficiency. The fit model
is changed by varying the fixed parameters of the model,
using alternative shapes for the components, and by
including components that are omitted in the baseline fit.
Intrinsic biases in the fitted yields are investigated
with simulated pseudoexperiments, and are found to be
negligible. Uncertainties in the efficiency arise due to the
limited size of the simulation samples and possible residual
differences between data and simulation in the trigger and
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TABLE 1.

Fitted yields, efficiencies, and relative branching fractions multiplied by fragmentation fractions (R,;-,-). The two

uncertainties quoted on R -~ are statistical and systematic. Upper limits are quoted at 90% (95%) confidence level for modes with a
signal significance less than 3¢. Uncertainties on the efficiencies are not given as only the relative uncertainties affect the branching

fraction measurements.

Mode Yield N Efficiency € (%) R~ (107%)

E, - pK K~ 829+£104 0.398 265 +35+£47

E, - pK 7~ 59.6 £ 16.0 0.293 259+ 64 £49

B, > pn 332+£179 0.573 74 £40 £ 36 < 147 (166)
Q) - pK K~ -28+25 0.375 -9+ 9+ 6< 18 (22)
Q, —» pK~n~ —-7.6+9.2 0.418 -23+28+23 < 51 (62)
Q) — pr 20.1 £13.8 0.536 48 £33 £28 < 109 (124)
B~ - K"K K~ 50490 + 250 0.643 cee

particle identification efficiencies [48]. Possible biases in
the results due to the vetoes of charm hadrons are also
accounted for. The efficiency depends on the signal decay-
time distribution, and therefore the precision of the =, and
Q, lifetime measurements [40-42] is a source of uncer-
tainty. Similarly, the p; distribution assumed for signal
decays in the simulation affects the efficiency. Since the py
spectra for ;" and €2, baryons produced in LHC collisions
have not been measured, the effect is estimated by
weighting simulation to the background-subtracted [36]
pr distribution for 5, — pK~ K~ decays obtained from the
data. The difference in the average efficiency between
the weighted and unweighted simulation is assigned as the
associated systematic uncertainty. This is the dominant
source of systematic uncertainty for the =, — pK~K~ and
&, — pK~n~ modes.

The yield of £ — pK~ K~ decays is sufficient to use as
normalization for the relative branching fractions of the
other &, decays. The results are

B(E, — pK~n")
= 0.98 £ 0.27(stat) £ 0. t
B(E, = pK-K°) 0.98 £ 0.27(stat) £ 0.09(syst),
B(E, - pr ")
= —— = 0.28 £ 0.16(stat) = 0.13(syst)
B(E, - pK~K")

< 0.56(0.63).

where the upper limit is quoted at 90% (95%) confidence
level. The same sources of systematic uncertainty as
discussed above are considered. Since the effects due to
the py distribution largely cancel, the dominant contribu-
tions are due to the trigger efficiency, fit model, and (for the
&, — pr~n~ mode) efficiency variation across the phase
space.

In summary, a search for decays of =, and €, baryons to
ph™h'~ final states has been carried out with a sample of
proton-proton collision data corresponding to an integrated
luminosity of 3 fb~!. The first observation of the E; —

pK~K~ decay, and first evidence for the E; — pK~ 7~
decay, have been obtained; there is no significant signal for

the other modes. This is the first observation of a =, decay
to a charmless final state. These modes may be used in the
future to search for CP asymmetries in the b-baryon sector.
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