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Charmlessb-hadron decays at LHCb
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Measurements dEP asymmetries in charmless two-bo@ymeson decays can provide stringent tests of the Standard Model. In multibody
decays, short and long-distance dynamics along with a sizeable effective weak phase in the interference between tree and penguin amplitude
can lead to a rich structure @P violation as a function of the phase space. We present here the latest stu@Rsiofation in charmless

b-hadron decays, in particular those with baryons in the initial and final states.
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1. Introduction and KK, and a second per-candidate method is also ap-
plied as a validation. The time-dependent asymmetry is mea-

Charmless hadroni8 decays have been the subject of greatgred forB® — 7~ andB® — K+K~ decays (Fig. 1,
theoretical and experimental interest [1]. They are supieft) and theCP -violating quantitiesC;, Sy and A?F are
pressed in the Standard Model (SM) and proceed througBytracted from the fit,
b — u tree andb — s,d loop (penguin) transitions, which
have similar size amplitudes. Because the tree and penguin Crr = —0.3114£0.045 + 0.015,
amplitudes h.ave a re_Iatlve weak phasel, Fhe|r mterference can S.. = —0.706 % 0.042 % 0.013,
lead to CP violation in decay. In addition, new particles
could contribute to the loop amplitude, leading to discrepan- Ckr = 0.164 +0.034 +0.014,
cies with the SM prediction and possible additional sources
of CP violation that could be accessed through precise mea-
surements of charmless decays. ARL = -0.83 +0.05 +0.09,

The LHCb experiment [2, 3] was designed to measure
and identify the characteristic signature$dfadron decays. Where the first uncertainties are statistical and the second sys-
Their long lifetimes lead to displaced decay vertices, whichtematic. These results are the most precise from a single ex-
are reconstructed by the Vertex Locator subdetector. In mogteriment and agree with previous measurements. They rep-
of the analyses presented here, charged final-state hadrof@sent the first observation of time-dependeRtviolation in
are combined to form secondary vertices and the selection. decays.
use multivariate analyses to reject combinatorial bakgrounds. [n addition to time-depende@P violation, the direcCP
Different types of charged hadrons are distinguished using inaSymmetry is measured f@° — 7+x~ andB — K+t K~
formation from two ring-imaging Cherenkov detectors, while decays, and the resulting significant asymmetries are consis-
photons and neutral pions are reconstructed by the Electréent with previous measurements,
magr]t_atic C{;\Iorimeter. Thg fIavour.of neuttahadrons i; Acp (B® — 7 77) = —0.0824 + 0.0033 + 0.0033
identified using flavour-tagging algorithms based on the final-
state particle charges of the decay oftkeadron (same-side) Acp (B? — KTK™) =0.236 +0.01340.011.
or of its pair-produced companion (opposite-side tagging). .

Here, we present highlights from the recent results on Another measurement of a two-body decay is thaCBf

charmles$-meson and-baryon decays from the LHCb ex- v_ioIa'Fion in_B* — K*x° [5], performed at LHCb for the
periment, focusing of£P violation. first time with a sample of 5.4 fb' of Run 2 data. The decay

reconstruction is very challenging due to the single charged
. . . track, neutral pion and lack of a displaced vertex. The invari-
2. CPviolation in two-body B-meson decays  ant mass distributions of the selected candidates, separated
l%y charge, are shown in Fig. 1 (middle and right). T
e .
asymmetry is found to be

Skr =0.123 £0.034 £ 0.015,

Neutral B-meson decays to two charged hadrons have be
studied extensively and have exhibited la€jeviolation ef-
fects. The recent study [4] represents an update on the LHCbAcp (BT — KT7%) = 0.025 & 0.015 + 0.006 + 0.003

results using a partial Run 2 data sample of 1.9'finte- o )

grated luminosity. A simultaneous fit is perforned to the in-Where the last uncertainty is due to external inputs. The re-
variant mass, decay time, flavour tagging decision and mistaglt iS more precise than the world average and consistent
probability for the three different final state&™7—, 7t~  With zero within 1.5 standard deviations)(
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FIGURE 1. Time-dependent asymmetry f& — K+ K~ decays [4] (left). Invariant mass distributions of selecktd — KT =° (middle)
andB~ — K~ x° (right) candidates [5].
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FIGURE 2. Results of the amplitude analysis fit 8f7 — =" KK~ decays [8], showing a projection at lo* K~ masses (left). The
top left plot showsB ™, and the bottom lefB~ candidates. Results of the amplitude analysis fitBdr — =" 7"z~ decays [11] (right),
showing theCP asymmetry as a function of the cosine of the helicity angle below (top right) and above (bottom rightjThg’ resonance
pole. The fit components are indicated in the plots.

The family of B — Kr decays are expected to obey mediate states, whe@P violation effects could appear in ad-
relations based on isospin symmetry, one of which involvedition to the phase-space-integrated gloBBlasymmetries.
the CP asymmetry differenced Acp (K7) = Acp (BT — Indeed, rich distributions of large loc&lP asymmetries, as
K+7%) — Acp (B — K*n), predicted to be zero but well as integrated asymmetries, were seen inihel ~ K T,
found non-zero in previous measurements. This discrepanci 77—, 7T KT K~ andrt 7~ final states at LHCb [7].
is known as the so-calle&n puzzle [6]. The two cur-
rent analyses bring an update to the world average value of To investigate the underlying dynamics of one of the
AAcp = 0.115 £ 0.014, which stands even further from channels, the first amplitude analysisBf — 7T K+TK~
zero at8c. Thus theKr puzzle is confirmed and substan- decays at LHCDb [8] was performed recently using the isobar
tially enhanced. model and a 3.0 fb' sample of Run 1 data. The fit model

that best describes the data contains a coherent sum of five
amplitudes that represent two-body resonances ifth& ™
3. CP violation and branching fractions in  orx+K~ system, a nonresonant component of a single-pole
three-body B-meson decays form factor [9], and a dedicated amplitude to account for
the possiblerr < KK rescattering at low energies [10].
The decays oB mesons to three hadrons offer the possibility The results of the fit show that the dominant components are
to study their rich spectra of quasi-two-body resonant interthe single-pole ang(1450)° amplitudes with fit fractions of
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around 30% each, and the rescattering amplitude with arounslirement of the branching fractions of the four decay modes
16%. In addition, the rescattering amplitu@® asymmetry involving kaons and pions was performed using 3.0'flof
is measured to be-66 + 4 + 2)%, making it the largesEP ~ LHCb Run 1 data [17]. The candidate yields are determined
asymmetry ever observed from a single amplitude. This igrom a simultaneous invariant mass fit to the four channels,
illustrated in Fig. 2 (left), where the rescattering componentwhile the selection efficiencies are measured from simula-
dominates the low-mass region Br- and is practically ab- tion and calibration data samples. The most precisely known
sent in theB~ distribution. branching fraction, that o8~ — KTKTK~, is used as
The B* — s#txT 7~ decay channel was also studied in a reference to which the relative branching fractions of the
an amplitude analysis of Run 1 data [11, 12], using the isobaremaining channels are measured to obtain
model with three complementary approaches to describe the
S-wave amplitude. The first approach uses a coherent sum of B(BY - n"K*K™)
a o pole [13] with arm < KK rescattering term [14], the B(B- — KTK+tK~)
second is based on thieé-matrix formalism with parameters B(Bt — K+rta—)
from scattering data [15], and the third is a “quasi-model- BB KKK ) =1.703 £ 0.011 + 0.022,
independent” (QMI) approach [16] that divides the dipion
mass spectrum into bins treated independently in the fit. The ~ B(BT — ntnt7n™)
analysis observed several different sourceS@wiolation in B(B- — KtK+K~)
the phase space &+ — n+txT7~ decays, the largest of
which involve the tensof,(1270) resonance and the-wave

= 0.151 £ 0.004 £ 0.008 ,

= 0.488 £ 0.005 £ 0.009.

The results agree with the world average values and represent
significant improvements in the precision of these branching

at low mass, ;
fractions.
Acp (f2(1270)) = 0.468 +0.061 £ 0.047,
Acp (S-wave) = 0.144 + 0.018 & 0.021. 4. CP and P violation in three- and four-body

b-baryon decays
This is the first timeCP violation is observed in these pro-

cesses and the first observation in any tensor resonance. Although no CP violation has been observed yet in de-
CP violation is also observed in the interference betweercays involving baryons, three- and four-botyparyon de-

the P-wavep(770)° resonance and th&-wave, appearing as cays present similar decay diagramsétonesons and are

a characteristic change of sign of the asymmetry below andood candidates faCZP violation searches and investigating

above thep(770)° resonance pole, as shown in Fig. 2 (right). the resonant structure and decay dynamics.

The statistical significance of théP violation associated A CPviolation search was performed#) — pK~ K~

with this interference is more thabo, making it the first  decays using 5 fb! of LHCb Run 1 and 2 data [18]. The

observation ofCP violation in the interference between two invariant mass fits of the selected candidates are shown in

guasi-two-body amplitudes. Fig. 3, where the previously unobsen@g — pK~ K~ de-
The precise knowledge of the branching fractions ofcay is also modeled. No significant yield is obtained¢igr

three-bodyB-meson decays is of great importance for in-decay and an upper limit is placed on the product of ratios

terpreting the fit fraction data from amplitude analyses andf its fragmentation and branching fraction to thos&pfat

comparing against theoretical predictions. Recently, a me&0 (95)% confidence level,
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FIGURE 3. Invariant mass distributions &, candidates from Run 1 (left) and Run 2 data (right) with the fit superimposted [18].
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FIGURE 4. MeasuredCP - and P-violating asymmetries in four different binning schemes in the phase spatg o pr—7Tn " de-
cays [21], as indicated in the plots.

P transformations, which then yielfi-odd asymmetries and
the resultingCP - and P-violating asymmetry observables.

The phase-space-integrated TPA values are obtained from
the fit to the full data sample,

for B(Q, —pK K~)

<62 (71) x 1073,
= B —px k)

T—odd __

CP violation in =, — pK~ K~ decays is probed by acp = (=0.7£0.7£0.2)%,

means of an amplitude analysis of the sample of about 460 T'—odd
. . . : . =(—4.0+0.7+£0.2

candidates in the signal region. Many possilifeand X-* “p ( )%
resonant states that decayp& — are studied, and six are
found to have relevant contributions and considered in the fit here the f . istent WitP v at2.9
model. TheCP asymmetries of the components are extracted" '€ the Tormer IS consistent Wit~ symmetry atz.9o,

from the fit, and are found to be consistent with zero. FromnOt confirming the previous evidence. The latter is the

the fit fractions, the branching fractions of the resonant comy'_o_Iatlng asymmetry, which has a honzero valu_e with a SIg-
ficance of5.50 and establishes the observation of parity

onents are measured, of which two have significance lar JP A
tphan50 g 9Siolation in AY) — pr—m Tt decays.

The local TPA values are studied in two binning schemes
in phase space, shown in Fig. 4. They agree with the global
values and indicate that thB-violation has a large contri-
bution fromAY — pa;(1260)~ decay at.50. The energy
test method also confirms the observation of loBaViola-
tion (5.30) and the conservation &P symmetry 8.00) in
A) — pr—r Tt decays.

B(E; —A(1520)K ")

= (0.76 £ 0.09 =+ 0.08 £ 0.30) x 10,
B(E; —A(1670)K ")

= (0.45 +0.07 + 0.13 £ 0.18) x 10~°.

This is the first amplitude analysis of ayparyon decay g Perspectives
that allows forCP violation effects.

The otherb-baryon mode, studied recently by LHCb, is The LHCb experiment has obtained a plethora of interesting
the four-body decap) — pr~7 =", Previously, the LHCb  CP violation measurements of charmldskadron decays so
collaboration reported evidence GP violation in this mode far, including time-depender@P violation and large asym-
with 3.3¢ significance [19]. The current analysis [21], basedmetries in two-bodyB-meson decays that deepen ther
on a larger data sample of 6.6fhbof Run 1 and 2 data and an puzzle, a rich pattern of large local asymmetries in the phase
optimised selection, supersedes the previous results. Two irspace of three-bodig-meson decays, and the observation of
dependent methods are applied to pr@ftand P violation, P violation in b-baryon decays. New studies are still under-

a triple product asymmetries (TPA) measurement sensitive tavay using Run 2 data and are expected to present results with
both global and local asymmetries, and the unbinned energynproved precision and analyses of new decay channels and
test method [20] sensitive to local effects. In the TPA methodpbservables. After the completion of the current detector up-
scalar triple products are formed from the momenta of thegrade, the experiment will be able to record even larger data
three final-state particles, and are used to divide the data inteamples and expand i@P -violation physics reach to novel
four statistically independent subsamples, relatecCByor  precision measurements, new SM tests and discoveries.
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