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A study of A) and EY decays to Ah*i'~ (h"") = z, K) is performed using pp collision data collected by
the LHCb experiment during LHC Runs 1-2, corresponding to an integrated luminosity of 9 fb~!. The

branching fractions for these decays are measured using the A) - A (— Az")z~ decay as a control

channel. The decays A) — Az"z~ and E) — AK~z" are observed for the first time. For decay modes with
sufficient signal yields, CP asymmetries are measured in the full and localized regions of the final-state

phase space. Evidence is found for CP violation in the A) — AK K~ decay, interpreted as originating
primarily from an asymmetric A,‘j — N**K~ decay amplitude. The measured CP asymmetries for other

decays are compatible with zero.

DOI: 10.1103/PhysRevLett.134.101802

In the standard model (SM) of particle physics, sym-
metry breaking under the combined charge-conjugation
and parity transformations (CP violation) originates from a
complex phase within the Cabibbo-Kobayashi-Maskawa
(CKM) matrix [1]. To date, all observed CP violation
phenomena align with the CKM mechanism. However, the
amount of CP violation in the SM is insufficient to
explain the observed matter—antimatter imbalance in the
Universe [2], motivating further study of CP violation and
searches for possible new sources beyond the SM
contributions.

While the breaking of CP symmetry has been estab-
lished and extensively studied in K, B, and D meson
decays, it has never been observed in any baryon decay.
The BESII experiment has conducted comprehensive
searches for CP violation in light hyperon decays,
including studies of decay rates and parameters, finding
no evidence for CP violation [3]. Searches for CP
violation have been pursued by LHCb in bottom-baryon
decays, including AY) — K3pz~ [4] A) - J/wpr~ [5]
A) = ph=h*h"= [6-10], A) > AKTK~, A) - AK*z~
[11], A) = pK=p*p= [12], AY —» ph™ [13], B — pK~ K~
[14], A) > Ay [15], A) - A¢ [16], and charm-baryon
decays such as Af — ph™h™ [17] and Ef — pK— =" [18],
where h,h',h" =z or K throughout this Letter (the
inclusion of charge-conjugated processes is implied
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throughout the Letter if not specified.). These measure-
ments are statistically limited and rely mostly on data
collected during LHC Run 1 (2011-2012). Further inves-
tigation of CP violation in baryon decays may shed new
light on the dynamics of weak decays in the baryon sector
and provide a better picture of CP violation originating
from quark transitions.

In three-body charmless B-meson decays, B — ht i/ ~h"*,
large CP violation up to 75% is observed in localized regions
of phase space, for example, in the low K K~, low z*z~ and
high # 7z~ mass regions [19-21]. These results suggest that
resonance interactions and ztz~ <> K™K~ S-wave rescat-
tering play an important role in the generation of strong
phases needed for direct CP violation, and motivate further
studies of AY) and E) decays to Ah™h'~ final states, which are
governed by similar dynamics in the SM.

Quasi-two-body charmless A) decays, A) = Aw/Ap/Ap,
have been studied with the QCD factorization approach and
their CP violation is predicted to be in the range 0% to 4%
with branching fractions at the level of 1077 [22-25].
The generalized factorization approach (GFA), considering
part of the nonfactorizable sources by introducing an effective
color number N, gives similar CP asymmetry predictions
and the branching fractions are predicted to be approximately
1076 [26,27]. For the Ag — N*Tz~ decay, the CP asymmetry
is predicted to be in the range from —4% to 6% [28]. In a
previous LHCb study, the A) - AKTK~ and A) - AK 7~
decays were observed with the Run 1 sample [11],
where the first evidence for A) — Az*z~ was established
and the CP asymmetries for these decays were found
to be compatible with zero. Further higher-precision mea-
surements of CP asymmetries and branching fractions
of AY and EY decays to Ah*h'~ final states offer stringent
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tests of these models and provide a foundation to study other

quasi-two-body decays that have not been considered before.

This Letter reports the measurements of branching
fractions and CP violation parameters for charmless decays
of AY and E baryons into the final states AK*zT, AKTK~,
and Az"z~, among which the suppressed modes
A) - AK~z* and EY - AK" 7z~ are not considered. The
study is performed based on proton-proton (pp) collision
data collected with the LHCb detector during LHC Runs 1—
2 (2011-2018) at center-of-mass energies of 7, 8, and
13 TeV and corresponding to an integrated luminosity of
9 tb=!. The A) — Af(— Az")z~ decay is used as control
channel for both the branching fraction and CP-violation
measurements to reduce systematic uncertainties.

The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < n < 5, described in
detail in Refs. [29,30]. It is designed specifically for the
study of particles containing b or ¢ quarks. Of particular
relevance for this analysis is the tracking system, comprising
silicon-strip stations upstream and straw drift tube stations
downstream of a 4 Tm dipole magnet [31,32], and the ring-
imaging Cherenkov (RICH) [33] detectors used for the
particle identification (PID) [34,35], whose performance of
simulated samples is calibrated to match that evaluated with
high-yield decay modes in data. The A)/Z) decays are
selected by an online trigger system which consists of a
hardware stage followed by a software stage [35,36]. The
hardware trigger is based on information from the calorim-
eter and muon systems. The software trigger applies full
event reconstruction, selecting events with a two-, three- or
four-track secondary vertex with a significant displacement
from any primary pp interaction vertex. Simulated
A)/E) — AhTh'~ decays are used to model the effects of
the detector acceptance and imposed selection requirements,
and the signal mass distributions. In the simulation, samples
are generated with PYTHIA [37], EvtGen [38], PHOTOS [39],
and the Geant4 toolkits [40] as described in Ref. [41].

In the offline selection, tracks identified as a proton and a
pion are used to form a A candidate, which is further
combined with a pair of oppositely charged hadrons

TABLE 1.

identified as a pion or kaon to form a AY/E) candidate.
Backgrounds from specific narrow resonances including
K2, D° AL, Ef, J/y, and x o hadrons formed by combi-
nations of tracks from the final state particles of AY/Z?
candidates are removed by vetoing in the relevant mass
spectra. Further discrimination of signal from background is
achieved through a boosted decision tree (BDT) classifier
[42,43], using a combination of kinematic and topological
variables as inputs. The BDT classifier is trained with
simulated Ag — Azntz~ decays as the signal, and using
the data sample in the mass region m(Az*z~) € [5800,
6100] MeV/c? as the background. Requirements on the
BDT response and PID of final-state tracks are optimized
and applied simultaneously to maximize the figure-of-merit,

defined as Ng/+/Ns + Ng [Ngs/(y/Ng + 2.5)] for the AY
(Eg) decays. Here Ng and Ny are the signal and background

yields in the A) (Z)) signal region, defined as a
+50 MeV/c? mass window around the known AY (E))
mass [44]. The PID requirements help to reduce combina-
torial background and cross feeds from other signal decays
and from B-meson decays. The contributions from B-meson
decays are suppressed to a negligible level.

The Ah™h'~ mass distributions after all selections are
shown in Fig. 5 of the End Matter, together with fit
projections. The obtained signal yields are summarized
in Table I, extracted using a simultaneous unbinned
maximum-likelihood fit to all the ARTh’'~ mass distribu-
tions, where the two CP conjugate states are combined.
The signal component in the corresponding Ah™A'~ mass
distribution is modeled by the sum of two Crystal Ball (CB)
functions [45], with tail parameters fixed from simulation.
The distributions of cross feeds from other signal decays
due to misidentified 2" or A’~ hadrons are obtained from
simulation, and their yields are constrained to the respective
yields of the correctly reconstructed signals multiplied by
the experimental efficiencies evaluated from simulation.
The decay AY) — AhTh'~y/x° with y/z° not reconstructed,
is modeled by an ARGUS function [46] convolved by a
Gaussian distribution for the experimental resolution. The
shape parameters of ARGUS function are constrained from

Signal yield and (upper limit of) CP-averaged branching fraction (53) for each decay mode. The

uncertainties are statistical, systematic, and due to the branching fraction of the control mode. The yield for the

control mode is also shown.

Decay Yield B(x107%)

Ag — Antn (6.36 £ 0.42) x 10? 534+04+£05+05
A(b) — AK" 7~ (6.18 £0.32) x 10? 46+02+04+05
Ag — AKTK~ (1.92 £0.05) x 10° 10.7+03+£04£1.1

E) > Arta”

20 - AK- 7t

20 > AKTK-

A) > Af (= Ant)n™

(5.6 £2.7) x 10!
(1.19 £ 0.15) x 102
(1.2+0.9) x 10
(5.25 £0.07) x 10°

11.0£2.6+1.4£38
104+14+12435
< 2.4 (2.8) at 90% (95%) CL
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simulation. The combinatorial background is modeled by
an exponential function. For CP-violation measurements,
the signal and background shape parameters are shared
between baryon and antibaryon decays while their yields
are independent.

Using Wilks’s theorem [47], the statistical significances
of the AY - Az*z~ and E) - AK~z" decays are mea-
sured to be more than 100, giving the first observation of
these decays. The significance of the E) — Az" 7z~ decay is
determined to be 4.00, while that of the Eg —- AKTK~
decay is about 1.76.

The branching-fraction (53) ratio of a signal decay to that
of the control mode is measured according to

B(AY/E) — AhTH'7) _ N o /20 At
B(A(b) = Al (= Ax)n™)

NA?)—»A:T(—»AII*)JF
€A2->Aj(—>A7z+)7z f A

X

fAO/HO

(1)

where N and e are the yield and efficiency for the
considered decay, respectively, and the final factor is the
ratio of b-quark fragmentation fractions [48,49]. The yields
are determined through the fit to data while the efficiencies
are determined from simulation. In the simulation the pr
and rapidity distributions of the AY baryon [50], as well as
the Dalitz plot of the A /Z) decays, are corrected to match
those in data. The efficiencies are at the level of 10~*, with
the efficiency ratio in the range 0.8-2.9 depending on the
signal channel. For 29 decays, due to the limited data
sample, the pr and rapidity are not corrected and a 10%
systematic uncertainty is assigned to the efficiency.

The branching-fraction results are summarized in
Table I, where the uncertainties are statistical, systematic,
and due to the uncertainty of the control channel branching
fraction [48,51]. As no significant contribution from the
=) - AK"K~ decay is found, upper limits are determined
on its branching fraction at 90% and 95% confidence levels
(CL), by integrating the positive side of the profile like-
lihood [52].

Four channels with sufficiently high yields, including
three A decay modes and the E) — AK~z" decay mode,
are selected for further investigation of CP violation. The
CP asymmetry of the decay to a final state f is defined as

F(AY/E) = f) = T(R)/5)  ])
LA :2 = f) +T(A}/E) = f)

(2)
where I is the partial decay rate defined without inclusion
of its charge-conjugate process. The raw asymmetry of

signal yields between baryon and antibaryon decays,
denoted as AGL, is first extracted directly from the mass

EA /20 ARTHI~

AP(AY/E) = f) =

fits. This is then corrected to account for two factors: the
asymmetry of the baryon and antibaryon production rates,
Ap, and the asymmetry of the final-state detection and
selection efficiencies, A, [13]. To reduce systematic
uncertainties, the difference between the CP asymmetry
of each signal decay and the A) — Af(Azx")z~ decay,
AAP = A, (signal) — A, (control) — AAp — AA,,, s
measured, where AAp and AA,,, represent the production
and detection asymmetry difference between signal mode
and control mode. Assuming there is no CP violation for
the control mode [53], valid within the experimental
uncertainties of this analysis, AA? gives the measurement
of the CP asymmetry for the signal decay.

The A) production asymmetries in p p collisions at /s =
7 and 8 TeV have previously been measured at LHCb
[54,55], but there is no equivalent measurement yet at
/s = 13 TeV. As the A production asymmetry is expected
to be smaller at higher energies and mostly cancels between
the signal and control channel, the Ap measured for /s =
8 TeV is used for the AASP(AY) measurements at
\/_ = 13 TeV. Assuming isospin symmetry between the
B, Vand 2 &, cross-sections in pp collisions, the & =9 , production
asymmetry is taken to be the same as that of the &, baryon,
which has been measured by the LHCb experiment [49]. The
detection asymmetry encompasses the asymmetries in the
final-state reconstruction, the trigger selection and the PID
selection. The reconstruction asymmetries for pions, kaons
and protons have been measured as a function of particle
momenta using control samples of Dt — K(S)ﬂ+
DT - K ntnt, D" - D= K ntatn")nt decays [56],
and simulated samples of A) — Af(— pK z")up,
decays [13]. The detection asymmetry for each final-state
particle is then weighted by its momentum distribution in the
signal and control modes to get an averaged result, account-
ing for the kinematics of both modes. The PID and trigger
selection asymmetries are obtained in a similar way using
data [34,35]. The largest detection asymmetry, due to proton
reconstruction, mostly cancels between the signal and
control modes. These correction terms AAp and AA,,, are
shown in Table IV in the End Matter, and are all consistent
with zero for A decays with uncertainties around 0.002 and
0.010, respectively. The AA? quantities, integrated over
the phase space, are measured for the four decays to be

AACP(AY) - Antz~) = —0.013 £ 0.053 £ 0.018,
AACP(A) - AK*77) = —0.118 £ 0.045 £ 0.021,
AACP(A) - AK*K™) = 0.083 +0.023 £ 0.016,
AACP(E) - AK=7") = 0.27 £ 0.12 £+ 0.05,

where the first uncertainties are statistical and the second are
systematic. The A A? measurement for the A) — AKTK~
decay has a significance of 3.1¢ based on the negative log-
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FIG. 1. Mass distributions of (left) A) — AKTK~ and (right) A) — AKTK~ decays, with the fit projections.

likelihood method [57], accounting for both statistical and
systematic uncertainties. This significance is confirmed by
using ensembles of pseudoexperiments.

The mass distributions of Ag — AK* K~ for both baryon
and antibaryon decays, with fit results also plotted, are
shown in Fig. 1 where a clear difference in signal yields
between Ag and 1_\2 decays can be seen. The decay is
dominated by intermediate N**(— AK™) or ¢(— KTK™)
resonances, as can be seen in the Ag — AKTK~ Dalitz plot
of Fig. 2 (left), where background contributions are
subtracted using the sPlot technique [58]. To investigate
whether these resonances are the source of the CP
asymmetry, separate AA" measurements are performed
within these two resonance-dominated regions. In the
region dominated by the N** resonance, the asymmetry
is determined to be AA®Y =0.165+0.048 +0.017,
which differs from zero by 3.2¢. The mass distributions
of the AY) > AKTK~ and A) - AKTK~ decays and their
fit projections, within the region, are shown in Fig. 3,
demonstrating the difference between A and AY yields.
The CP asymmetry in the ¢ region is consistent with zero.
A potential variation of the CP asymmetry across the Dalitz

plot is also studied in 10 equally populated Dalitz bins
using an adaptive binning scheme [19,59]. The results are
consistent with CP symmetry.

The significances for CP violation in Ag - AK*rn™,
A) - Antz~ and E) - AK~ 7" decays are 2.40, 0.26 and
2.10, respectively. The detailed mass distributions for both
their baryon and antibaryon decays can be found in
supplementary material [61]. Further searches for CP
violation are also performed for the two Ag decays both
in resonance-dominated regions [see Fig. 2 (middle, right)
and Table II] and with an adaptive binning scheme. The
results are all consistent with CP symmetry. For the 52
decays, no localized CP asymmetry searches are performed
due to the low signal yields.

Cross-checks are performed to investigate the stability of
the branching fraction and AA“? measurements. For the
global asymmetries and branching fractions, results are
obtained in different data-taking periods, as well as with
different magnet polarities, and are found to be consistent.
For the measurements in different resonance-dominated
regions, alternative definitions of the mass regions are used,
and similar results as the nominal ones are obtained.

25¢ : : : 25¢ .
o LHCbo ' 770 ¢
L 20F Aj= AK'K 460 % 20¢
N + ~ L
> 50 > |
[} [ [}
S B o 9.1
g 10fF 30k 10}
S o 2|
g 5F o = 5p
ol M. . W . N, oL
0 10 20 30 0 10

m2(AK*) [GeV*/ 4]

m2(AK*) [GeV*/ 4]

LHCb 9 fb™!
AV AK 7~

LHCb 9 fb!
AV Amtm

0 20
m2(Ar?) [GeVZ/cH]

20 30 30

FIG. 2. Dalitz plots of (left) A — AKTK~, (middle) A) - AK*z~, (right) A — Azx"z~ decays. Background contributions are
subtracted using the sPlot technique. The coordinates are calculated after a kinematic fit which constrains the Ag and A baryon masses to

their known values [44].
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FIG.3. Mass distributions of (left) AY) — AK*K~ and (right) AY

are the fit results.

Various sources of systematic uncertainties on the
branching fraction and AA“" measurements are consid-
ered. The uncertainty due to the imperfect modelling of
the mass distributions is evaluated by using alternative
models for each component, including an Hypatia func-
tion [60] for the signal model and a second-order poly-
nomial function for the combinatorial background. For the
AACP measurements, an additional uncertainty arises
from using shared fit parameters for baryon and anti-
baryon decays. This is assessed by removing this con-
straint and assigning the resulting AACP shifts as
systematic uncertainties. The systematic uncertainty from
the efficiency ratio has several contributions. The first
contribution arises from the finite size of simulation
samples, which is propagated to the branching fraction
and AA? measurements using pseudoexperiments.
Another contribution is due to the robustness of efficiency
corrections, which are studied in alternative scenarios. For
example, the effect of the vetoing of charm hadrons is
studied by varying the vetoed mass regions, a new
efficiency map is obtained to calculate the corresponding
branching fraction and the difference is taken as a
systematic uncertainty. The uncertainties on the produc-
tion and experimental asymmetries are propagated to the
AACP  measurements using pseudoexperiments and
largely cancel in the difference of signal and control
mode asymmetries. The total systematic uncertainties are
obtained by summing all contributions in quadrature.

~ 160F ' " LHCb 9 fb!

RS E m(AK")< 2.9 GeV
% 140F m(KK)>2.2 GeV
S 120 E — Total fit

S 100F — z%a AK'K

: 0F — fb—> AKK™

Ej na --- ZZ—> AK m*(mis)
_g F Comb. bkg.

S 40 e Z§—> AK'Ky
g 20 = + + - A— AKKn°
@) 0 £+ LT +'-|Tl:r_;|-_-hpl:_'_ .

5400 5600 5800 6000

m(AK'K") [MeV/c?]

— AK* K~ decays in N* resonance-dominated regions. Also shown

In summary, AY/E) — AhTh'~ decays are studied using
pp collision data collected by the LHCb experiment during
LHC Runs 1-2. The A) > Az*z~ and E) - AK~z*
decays are observed for the first time, and evidence is
also found for the E) - Az*z~ decay. The branching-
fraction measurements of AY/E) — Ahth'~ decays are
more precise than and supersede previous LHCb results
[11]. The CP asymmetries are measured for A(b) — AhTH'~
and ) - AK~z" decays, with respect to the A) — A (—
Azn")z~ decay. Evidence for CP violation is found in the
A) - AKTK~ decay for the first time, with AAY =
(8.3 +2.8)% integrated over the final-state phase space.
The CP asymmetry is enhanced in the N** mass region,
where it is measured to be AA? = (16.5+5.1)%. No
evidence of CP violation is found for other AY/E) decays
studied. These measurements represent an important step
towards establishing CP violation in baryon decays, setting
the stage for future studies of quasi-two-body decays.
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End Matter

Appendix A: Summary figures and tables for the
adaptive binning scheme—Figure 4 shows the two-
dimensional mass distributions for (top) Ag —- AKTK™,
(middle) A) - AK*z~, and (bottom) A) — An'z~,
along with the bin boundaries used for the adaptive
binning scheme. Table III lists the bin definitions used
for each decay mode and the per-bin CP asymmetry
measurements.

Appendix B: Summary for correction terms—Table IV
lists the production asymmetry difference AAp and
detection asymmetry difference AA.,, for each decay
mode with respect to control mode. The central value of
Ag abosolute Ap is at the level of 1% [55].

Appendix C: Summary of the fit results—Figure 5
shows the mass spectra used to obtain yields of signal
channels for BF calculations of (top) AY(E)) - AK*K~,
(middle  lefty AY) > AKTz~,  (middle  right)
E) > AK 7", and (bottom) AY(E)) —» AKTK~ decay
modes. The same BDT classifier is used in selections
for the AY and E) modes, but with a different figure-of-
merit (FoM). Because of the relatively smaller number
of ZY signal yields, when determining its selection
criteria the Ng/(1/Ng + 2.5) FoM method is applied, as
shown in Fig. 5 (right), whereas when studying the Ag
modes, the Ng/+/Ng + Ng FoM method is applied, as
shown in Fig. 5 (left).
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FIG. 4. Two-dimensional mass distributions for (top) Ag — AKTK~, (middle) Ag — AK "7, and (bottom) Ag — Aztx~ decays in
data. The boundaries for the adaptive binning scheme are drawn as solid lines.
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TABLE III.  Boundaries of the adaptive binning scheme and the AA‘F measurements from each bin, the first
uncertainty is statistical and the second is systematic. The variables of the x and y axes and the bin numbers in the
table are those presented in Fig. 4. The reported ranges are expressed in GeV/c?.

Channel Bin number x low x high y low y high AACP
0 113 3.74 2.05 474 —0.483 + 0.200 + 0.043
. 1 3.74 5.50 0.50 124 0.147 £ 0.092 + 0.026
b 2 3.74 5.50 1.24 474 0.058 = 0.114 + 0.028
3 113 3.74 0.50 2.05 0.067 = 0.111 + 0.028
0 113 2.09 0.50 3.66 ~0.153 + 0.079 + 0.027
N AR 1 2.09 5.49 0.50 3.66 —0.284 & 0.188 + 0.041
b 2 113 2.12 3.66 4.87 ~0.006 & 0.062 + 0.028
3 2.12 5.49 3.66 4.87 —0.264 + 0.125 + 0.030
0 432 5.08 155 2.88 0.017 & 0.092 + 0.025
1 133 2.44 2.88 3.78 0.188 + 0.075 + 0.023
2 133 2.44 3.78 467 0.062 + 0.077 + 0.022
3 2.44 3.58 2.88 467 0.064 + 0.093 + 0.024
4 3.58 5.08 2.88 467 0.088 & 0.077 + 0.022
A, = AKTK 5 133 3.19 0.92 2.88 0.061 & 0.089 + 0.024
6 3.19 3.66 0.92 2.88 0.066 - 0.088 + 0.024
7 3.66 432 0.92 1.30 0.168 + 0.070 + 0.021
8 3.66 432 130 2.88 ~0.002 = 0.080 + 0.023
9 432 5.08 0.92 155 0.025 & 0.074 + 0.022

TABLE IV. Production asymmetry difference AAp and detection asymmetry difference AA.,, for each decay
mode. The uncertainties from these asymmetries are propagated into the phase-space integrated A A" as systematic
uncertainties.

Channel AAp (%) AAep (%)
A) > Antr~ 0.1 +0.1 0.1 £0.9
Ag — AKtn~ 0.24+0.2 14+1.0
A) - AKTK~ -0.2+0.2 0.0£0.9
B0 > AK " -524+4.0 03+£1.6
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FIG. 5. Distributions of m(Ah*h~) for (top left)(top right) AY(E)) —» AK*K~, (middle left) A) - AK*z~, (middle right)
B9 - AK~ 7", and (bottom left)(bottom right) A)(E)) — AK™K~ decay modes, together with the fit results, where (top left)(middle
left)(bottom left) are selected with the N/ (/N + Ns) FoM, focusing on the A) studies, while (top right)(middle right)(bottom right)
are selected with the Ng/(y/Ng + 2.5) FoM. for E) studies.
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