PROCEEDINGS

OF SCIENCE

Multibody charmless b-hadron decays

Giulio Dujany*
University of Manchester
E-mail: giulio.dujany@cern.ch

Multibody charmless b-hadron decays are a unique laboratory to probe CP violation, to look
for effects of new physics and to provide insights into the hadronisation mechanism. The decay
modes Ag —AKTK™, Ag —AKtm, Ag — A¢ and B — KgK* are observed for the first time by
LHCDb and their branching fractions are measured. Evidence is seen for the Ag — ATt~ decay
and limits are set for the decays Eg — Ahth")~ and B® — KSK* . The phase-space integrated
CP asymmetry parameters are measured for Ag — AKTK™ and Ag — AK*tx~ while several
triple-product asymmetries are measured for Ag — A¢. All these asymmetries are found to be

compatible with zero.
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1. Introduction

Multibody charmless b-hadron decays are a unique laboratory to probe CP violation and to
look for effects of new physics. Charmless decays often proceed via a b — u transition, dominated
by tree-level Feynman diagrams, and b — s and b — d transitions, dominated by penguin loop
diagrams. Due to the small magnitude of the V,;, Cabibbo-Kobyashi-Maskawa matrix element,
tree and penguin diagrams can have similar magnitude. As there is a relative weak phase — in
the Standard Model (SM) the CKM angle 7y — their interference can give rise to CP violation in
decay. Moreover beyond the SM particles could produce sizeable differences with respect to the
SM expectations both in the branching fractions and in the amount of CP violation, by entering as
virtual particles in the loops of the penguin diagrams.

Multibody decays can proceed through intermediate states and the paths from the initial to
the final state interfere. Moreover different regions of the phase space can present different levels
of CP violation. As an example, Figure 1 shows the raw asymmetry, which is the sum of the CP
asymmetry, the production and the detection asymmetry, in BT — K™ 7"~ where large variations
are evident and the local CP asymmetries are as large as 60% [3].
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The LHCDb detector [1] is a single-arm forward spectrometer covering the pseudorapidity range
2 < 1n <5, designed for the study of particles containing b or ¢ quarks. The detector elements
that are particularly relevant for the analyses described in these proceedings are: a silicon-strip
vertex detector surrounding the pp interaction region that allows c- and b-hadrons to be identified
from their characteristically long flight distance; a tracking system that provides a measurement
of the momentum of charged particles; and two ring-imaging Cherenkov detectors that are able
to discriminate between different species of charged hadrons. During Run I, LHCb collected an
integrated luminosity of approximately 3fb~!, of which 1fb~! was gathered at /s = 7TeV and
2fb~!at /s =8TeV.

The Kg — w7~ decay can be reconstructed in two different categories at LHCb: the first
involving Kg mesons that decay early enough for the daughter pions to be reconstructed in the
vertex detector, and the second containing Kg mesons that decay later such that track segments of
the pions cannot be formed in the vertex detector. These categories are referred to as long and
downstream, respectively. The long category has better mass, momentum and vertex resolution
than the downstream category. Similar categories are used for the A — pm~ decay.
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Three recent results from LHCD in the field of charmless multibody b-hadron decays are here
reviewed.

2. AY(ED)— Ahthl)-

Among the possible charmless hadronic final states of b baryons, only the two-body Al? —
pK~ and A,? — pmt~ decays [4] and the three-body Al? — K%pn~ decay [5] have been observed,
while evidence has been reported for the Ag — Am decay [6]. No decay of a Eg baryon to a
charmless final state has yet been observed. The class of decays Ag(E,?) — AhthU)~ (where h is
a pion or a kaon) is of great interest because they can present potentially large CP violation effects
and because they provide insights into the underlying dynamical mechanisms in b baryon decays.

A search for these decays is performed with the full LHCb Run I dataset [7]. Each b-baryon
candidate is reconstructed by combining two oppositely charged tracks with a A candidate, where
the A candidates are reconstructed by combining p and 7w~ tracks. Loose particle identification
criteria (PID) are required for the p track to reduce backgrounds from Kg decays. The dataset is then
separated into the different final states under study applying further particle identification criteria
on the di-hadron pair. A boosted decision tree (BDT) classifier, trained on sideband background
and simulated signal events, is used to further suppress the combinatorial background. The decay
A,? — AS(— Amt)m~ is taken as normalisation mode. Six different categories are considered
corresponding to three data taking periods and to the two reconstruction categories of the A.

The yields of all signals as well as that of the normalisation mode are extracted with a simul-
taneous unbinned maximum likelihood fit to the six different categories. By a simultaneous fit, the
common shape parameters among the different categories can be shared and the cross-feed back-
ground ! from the different final states is better constrained. Contributions from a smoothly varying
combinatorial background and from the partially reconstructed backgrounds, where a photon or a
neutral pion are not reconstructed in a decay of a real b baryon, are also modelled. The regions
of the Ah*h")~ invariant mass spectra corresponding to the A,? and Eg invariant masses were not
inspected until the candidate selection and the fit model were finalised, in order to avoid any bias.
The result of the fit is shown in Figure 2. Signals for A} — AKTK~ and A} — AKT7n~ are ob-
served with a significance of 15.8c and 8.10, respectively, where the systematic uncertainties are
also taken into account. There is strong evidence for Az? — ATt~ (4.70) while the significance
of the other modes is less than 3c. Branching fraction central values and confidence intervals are
obtained by combining the individual branching fractions for each of the six categories, taking
systematic uncertainties into account. The results for the absolute branching fractions are

B(AY = AKTm7) = (5.620.8+£0.840.7) x 1075,
B(A) - AKTK™) = (159+£1.2+1.2+2.0) x 107°,
BA) - Antn) = (4.6£1.2+1.4£0.6) x 107°,

where the first uncertainty is statistical, the second systematic and the third one is due to the preci-
sion with which the normalisation channel branching fraction is known. Since no evidence is seen
for the Y decays, upper limits are calculated using a Bayesian prescription, with a prior removing

Background coming from K < 7 misidentification such that the signal in one of the final states is a background in
another.
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Figure 2: Results of the fit for the (left) AK* T, (middle) AK*K~ and (right) Azt 7~ final states for
all categories combined. Superimposed on the data are the total result of the fit as a solid blue line, the
Ag (Eg) signal contribution as a short-dashed black (double dot-dashed grey) line, cross-feed as triple dot-
dashed brown lines, the combinatorial background as a long-dashed green line, and partially reconstructed
background with either a missing neutral pion as a dot-dashed purple line or a missing soft photon as a dotted
cyan line.

the unphysical region
feo/fao x B(E) — An* ™) < 1.7 (2.1) x 107° at 90 (95) % CL,
fz0/Fao % B(E) = AK™m") < 0.8 (1.0) x 107° at 90 (95) % CL,
20/ a9 % B(E) - AKTK™) < 0.3 (0.4) x 107° at 90 (95) % CL,
where a factor corresponding to the currently unknown ratio of the = g and Ag production fraction
is included.
The phase-space integrated CP asymmetry is measured for Az? — AKTK™ and Ag — AKtm™

decays which present significant signal yields. The simultaneous extended maximum likelihood fit

is modified to allow the determination of the raw asymmetry defined as
NCOIT _ pcort
f‘

AV = M

where N}:OH (N?COFr ) is the efficiency-corrected yields for Ag (A 2). To measure the underlying CP
violation, the raw asymmetry has to be corrected for possible small detection (27p) and production
(op) asymmetries, Fcp = Fyaw — p — p. This can be achieved with the A) — A (— An)m~
control mode, which is expected to have negligible CP violation. Since this mode shares the same
initial state as the decay of interest, it has the same production asymmetry; moreover, the final-state
selection differs only in the PID requirements and therefore most detection asymmetry effects also
cancel. The results for the phase-space integrated CP asymmetries are

Aep(A) — AK ) = —0.53+£0.2340.11,
Hep(A) — AKTK™) = —0.28+£0.10£0.07,

where the uncertainties are statistical and systematic, respectively. These are both less than 3o
from zero, indicating consistency with CP symmetry.

3.A) > A

In the SM the decay Ag — A ¢ proceeds via a b — sss penguin transition and the presence of
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beyond-the-SM particles in the loop could induce CP violation effects beyond those expected in
the SM. The first observation of this decay mode is performed with the full LHCb Run I dataset
and the CP asymmetry is studied by means of T-odd observables [8]. The decay B" — K8¢) is
used as normalisation mode. Each A,? (B) candidate is reconstructed by combining a A from
A — pn (Kg from KS — tw7) and a ¢ from ¢ — K"K~. Two different categories are used
depending on whether the A or Kg are reconstructed as long or downstream. Different BDTs
are used for reducing the combinatorial background in the two categories. Those BDTs are trained
using simulated events as signal and sideband from data as background. To extract the signal yield a
three-dimensional unbinned maximum likelihood fit in mg+x-,z-, mg+g- and my;- is used. Along
with the signal, different backgrounds are considered: Al()) — AKTK™ non-resonant, ¢ + A and pure
combinatorial. In order to avoid any bias in the analysis the regions of the AKTK~ invariant mass
spectra corresponding to the Az? invariant mass were not inspected until the candidate selection and
fit model were finalised. The result of the fit for the long category is shown in Figure 3. The signal
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Figure 3: Fit projections to the (left) px~ KK~ invariant mass, (middle) K™K~ invariant mass, and (right)
the pmr~ invariant mass for the long category. The total fit projection is given by the blue solid line. The
blue and green dotted lines represent the ¢ + A and pure combinatorial fit components, respectively. The red
and magenta dashed lines represent the Az? — A ¢ signal and the Ag — AKTK™ non-resonant components,
respectively. Black points represent the data. Data uncertainties are Poisson 68% confidence intervals.

is observed with a significance of 5.90 once the systematic uncertainties are taken into account.
The branching fraction is evaluated to be

B(A) = AP) = (5.15+1.04+0.357039+£0.44) x 107°,
where the first uncertainty is statistical, the second systematic, the third comes from the precision
on the normalisation mode and the last from the precision on f;/ f A0 [9].

As the Al? could be produced polarised, five angles are needed to describe this decay. The
sine and the cosine of the angle ®; (P,) between the orthogonal direction to the decay plane of
A (¢) and the direction orthogonal to the beam and the direction of flight of the Az? are 7-odd
observables [10]. It is thus possible to define asymmetries in cos ®; and sin P;

N.+c/s o Nfc/s
N.+c/s +N~7€/S7
1 1
where, for example, N, is the number of Ag with cos®; > 0. These asymmetries are determined
experimentally through a simultaneous unbinned maximum likelihood fit to different datasets in

A —

1
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which the relevant observables are either positive or negative and in which the yields are parame-
terised in terms of the total yield and the asymmetry. The determined asymmetries are

4 =—0.224+0.124+0.06, A\ = 0.13+0.12+0.05,
¢ =—0.01+0.12+0.03, s =—0.07+0.12+0.01,

where the first uncertainty is statistical and the second systematic. The values are compatible with
zZero.

0 0 g+
4. B — KJK

A search for the decays B(()S) — KgK * is performed with 1 fb~! at /s = 7TeV using as normal-
isation mode B® — Kgn+7r_ to determine the branching fractions [11]. Each signal B(()S) candidate
is obtained by combining a KQ from K{ — 't~ with a K** from K*® — K*z~. Two different
categories are used depending on whether the Kg are reconstructed as long or downstream. The
selection makes use of particle identification variables to discriminate between protons, pions and
kaons and of a BDT to reduce the combinatorial background. Candidates are excluded if the recon-
structed mass of a two-body intermediate state is within 30MeV (48 MeV) of the known mass of
the relevant charm (charmonium) resonance. The signal yield is extracted with a two-dimensional
unbinned maximum likelihood fit in m KoK= and mg=+ while the yield of the normalisation mode
is obtained with an unbinned maximum likelihood fit in m Kortn To avoid any bias in the analysis,

the signal region was not inspected until the selection and fit procedure were finalised. Figure 4
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Figure 4: Distribution of (left) K_?Ki T mass and (right) K* 7™ mass with fit results overlaid for the
downstream category. The data are shown as black points with error bars. The overall fit is represented
by the solid black line. The B® and BY signal components are the black short-dashed and dotted lines
respectively, while the non-resonant components are the magenta short-dashed and dotted lines. The partially
reconstructed backgrounds are the red triple-dotted line (B — Dh) and the blue triple-dotted line (B(S) —
K*9K*0). The combinatorial background is the green long-dash dotted line.

shows the result of the fit for the downstream category. The decay BY — KgK * is observed with a
significance of 7.10 taking into account also the systematic uncertainties; its branching fraction is
measured to be

BB — K'K*) = (16.4+3.44+1.9+1.040.7) x 107,
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where the first uncertainty is statistical, the second systematic, the third is from the precision on
fs/ fa and the last is from the precision on the branching fraction of the normalisation mode. No
significant signal is observed for B’ — KgK * and an upper limit on its branching fraction is set to
be

B(B — K'K*) < 0.96(1.04) x 10~° at 90% (95%) CL.

5. Conclusions

Three recent results from LHCD in the field of multibody charmless b-decays have been pre-
sented. The decay modes A) — AKTK™, A — AKTn~, A)— A¢ and BY — KJK* are observed
for the first time and their branching fractions are measured. Evidence is seen for the Af — ATt
decay and limits are set for the decays E,? — AhTh")~ and B®— KgK * . The phase-space integrated
CP asymmetry parameters are measured for the Ag — AKTK™ and Ag — AKT7~ decays, while
several triple-product asymmetries are measured for the Ag — A ¢ decay. All these asymmetries
are found to be compatible with zero.
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