PUBLISHED FOR SISSA BY 4) SPRINGER

RECEIVED: March 8, 2024
ACCEPTED: May 16, 202/
PUBLISHED: June 18, 2024

Amplitude analysis of the A} — pK~~ decay

LHCD

The LHCb collaboration

E-mail: anja.beck@cern.ch

ABSTRACT: The resonant structure of the radiative decay A) — pK v in the region of
proton-kaon invariant-mass up to 2.5 GeV/c? is studied using proton-proton collision data
recorded at centre-of-mass energies of 7, 8, and 13 TeV collected with the LHCb detector,
corresponding to a total integrated luminosity of 9fb~!. Results are given in terms of fit
and interference fractions between the different components contributing to this final state.
Only A resonances decaying to pK — are found to be relevant, where the largest contributions
stem from the A(1520), A(1600), A(1800), and A(1890) states.

KEywoRrDS: Flavour Physics, Particle and Resonance Production, Rare Decay,
Hadron-Hadron Scattering

ARX1v EPRINT: 2403.03710

OPEN AccEss, Copyright CERN,
for the benefit of the LHCb Collaboration. https://doi.org/10.1007/JHEP06(2024)098
Article funded by SCOAP?.


mailto:anja.beck@cern.ch
https://doi.org/10.48550/arXiv.2403.03710
https://doi.org/10.1007/JHEP06(2024)098

Contents

1 Introduction 1
2 Detector and selection 2
3 Invariant mass fit 4
4 Amplitude model 5
5 Amplitude fit 9
6 Systematic uncertainties 12

6.1 Amplitude model 12

6.2 Acceptance model 16

6.3 Mass fit model 16

6.4 Additional background contamination 16

6.5 Systematic uncertainty combinations 16
7 Results and conclusion 17
A Logarithmic scale plots of m 4o (pK™) 20
B Projections for the reduced and second best models 20
C Couplings at the best fit point 21
D Statistical correlations 25
The LHCDb collaboration 30

1 Introduction

Rare decays of b hadrons involving flavour-changing neutral currents, such as b— s¢/*¢~ and
b— sv transitions, are forbidden at tree level in the Standard Model and further suppressed
at loop-level through the GIM mechanism. As a consequence, these decays are very sensitive
to potential new particles that can enter virtually through loop-level processes or allow
tree-level diagrams, affecting properties of these decays such as branching fractions and
angular distributions. The measurements of these processes can probe higher energy scales
than those accessible via direct searches.

Thanks to the abundant production of b baryons at the LHC, precision measurements
of rare b-baryon decays have become possible for the first time. For example, the LHCb
collaboration has performed tests of lepton universality using /12 — pK ¢t~ decays' in the
dilepton invariant-mass squared range 0.1 < ¢? < 6.0 GeV?/c* and the pK~ invariant-mass
range m,x- < 2.6 GeV/c? [1]. Moreover, the LHCb collaboration has searched for CP violation
in A) — pK~p*u~ decays [2] and measured the branching fraction of the A) — A(1520)u™ pu~

!The inclusion of charge-conjugate processes is implied throughout the text.



decay [3]. Direct interpretations of these results regarding models for physics beyond the
Standard Model are difficult given the lack of detailed knowledge of the resonant structure of
the pK~ spectrum in different regions of the dilepton invariant-mass spectrum.

An observation of the A) — pK ~~ decay was first reported unofficially in a thesis using
Run 1 data (taken during 2011 and 2012) without giving a significance [4]. This paper
presents an amplitude analysis of the /18 — pK ™~ decay which constitutes the first official
observation of this mode. This analysis measures /12 — pK ™~ decay properties for the
first time and characterises the pK~ spectrum at the photon pole of the recoiling system.
Theoretical knowledge of the pK~ spectrum from /12 decays, in particular the modelling
of form factors, is limited to quark-model calculations [5, 6]. Predictions obtained from
lattice QCD [7, 8], HQET [9] and dispersive bounds analyses [10] are only available for the
decay via the A(1520) state. The different A resonances in the pK~ spectrum have been
studied using fixed target experiments with incident kaons [11, 12]. An amplitude analysis of
AY — JfppK~ decays, which led to the discovery of states compatible with pentaquarks [13],
studied the pK~ spectrum from /12 decays at the J/i) resonance in the dimuon invariant-mass
spectrum. Additionally, if the amplitudes of the AY — pK ~v decay are known precisely, this
measurement could constitute useful input to a future measurement of the photon polarisation,
involving polarised A) baryons, for example from Z boson decays [14].

The /12 — pK ™7 decay provides an opportunity to complement the knowledge of the
pK ™~ spectrum, including unique access to heavier states with masses larger than about
2 GeV/c? that cannot be accessed with A — J/ppK ~ decays due to the kinematic restrictions.
Measurements of resonance properties are vital inputs to the theoretical description of low-
energy QCD as discussed in ref. [15]. Employing data collected by the LHCb detector in
pp collisions during the years 2011-2012 (Run 1) and 2015-2018 (Run 2), corresponding to
an integrated luminosity of about 9fb~!, this paper presents the first amplitude analysis
of A) — pK~~ decays.

2 Detector and selection

The LHCb detector is a single-arm forward spectrometer 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 consisting of a silicon-strip vertex detector surrounding
the proton-proton interaction region, a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip
detectors and straw drift tubes placed downstream of the magnet. The tracking system
provides a measurement of the momentum of charged particles with a relative uncertainty
that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum distance of
a track to a primary proton-proton collision vertex (PV), the impact parameter (IP), is
measured with a resolution of (154 29/pt) um, where pr is the component of the momentum
transverse to the beam, in GeV/c. Different types of charged hadrons are distinguished using
information from two ring-imaging Cherenkov detectors. Photons, electrons and hadrons
are identified by a calorimeter system consisting of scintillating-pad (SPD) and preshower
detectors, an electromagnetic (ECAL) and a hadronic calorimeter. In addition, a muon
system allows the identification of muons.



Samples of simulated events are used to optimise selection requirements and estimate
the efficiencies of the signal and backgrounds. The simulated proton-proton collisions are
generated using PYTHIA [16] with a specific LHCb configuration [17]. Decays of hadronic
particles are described by EvtGen [18], in which final-state radiation is generated using
PHOTOS [19]. The interaction of the generated particles with the detector, and its response,
are implemented in the Geant4 toolkit [20] as described in ref. [21]. The A) — pK ~~ decay
is generated uniformly in phase space without assumptions on the decay dynamics.

The online event selection is performed by a trigger [22, 23], which 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. The trigger exploits the presence of a high
energy photon reconstructed from clusters in the ECAL. In order to reduce background and
improve the mass resolution for the Ag and two-body invariant masses, clusters are required
to have a transverse energy of Er > 2.5-2.96 GeV in Run 1 and Et > 2.11-2.7GeV in Run 2,
respectively, at the hardware trigger level. Moreover, the hardware trigger selects only events
with fewer than 600 (450) hits in the SPD for Run 1 (2) to facilitate the reconstruction in the
software trigger. In the software trigger, the candidate must contain two high-pr hadrons that
are significantly displaced from the interaction point, as well as a high- Et photon. During
Run 2, a multivariate classifier based on topological criteria complements the cut-based
software trigger selection [24]. The Run 1 software trigger requires the di-hadron invariant
mass, assuming both hadrons are kaons, to be below 2 GeV/c?. This severely affects the shape
of the efficiency as a function of the proton-kaon invariant mass, resulting in the need for
separate treatment of Run 1 and Run 2. In addition to this cut in the Run 1 trigger, the large
threshold for the photon energy results in low efficiency at high proton-kaon invariant mass.
As a consequence, the proton-kaon invariant mass range up to 2.5 GeV/ ¢? is considered.

The reconstructed /12 candidate is required to have good-quality track and vertex fits.
Two tracks, compatible with the kaon and proton hypotheses, are required to have an impact
parameter larger than 0.1 mm, a transverse momentum larger than 1 GeV/c as well as
momentum larger than 5GeV/c. The photon must have Etr > 3GeV. The Ag decay vertex
isolation is used to reject partially reconstructed backgrounds. Specifically, an upper limit
is applied on the y? increase in the /12 decay vertex fit when adding the most compatible
additional track, referred to in the following as AxZ(4Y). The A) momentum is further
required to point back to the associated primary vertex.

Background candidates resulting from combinations of unrelated protons, kaons, and
photons can be suppressed using kinematic variables. A Boosted Decision Tree classifier
(BDT) [25] is trained on simulated events as signal proxy and on data candidates with
m(pKy) >m 20 + 300 MeV/c? as background proxy, to suppress combinatorial background by
exploiting mainly kinematic variables. The input variables to the classifier are the momentum,
pseudorapidity 7, flight distance (FD), Ax?2,, of the /l‘bJ baryon, IP and pr of the hadrons,
and IP, momentum, and pr of the proton-kaon combination. Additionally, the difference in
the vertex-fit x? of the PV associated with the A} baryon reconstructed with and without
the /12 candidate is used. A further input to the BDT in Run 2 is the isolation variable

I = T (2.1)



for which the sum is taken over tracks that are not part of the signal candidate but are
associated to the same PV and fall within a cone of half-angle AR < 1.7rad. The half-angle
of a track is defined as (AR)? = (A6)? + (A¢)?, where Af and A¢ are the differences in the
polar and azimuthal angles of each track with respect to the A(b] candidate direction. The
optimal BDT working point is determined by maximising the ratio S/v/S + B, where S is the
number of expected signal candidates estimated from simulation samples and B is the number
of background candidates in the signal region estimated based on the background-dominated
regions on either side of the A) peak.

Requirements on the particle identification variables decrease backgrounds stemming from
misidentification. Nevertheless, a large amount of misidentified B? — ¢(— K+ K ™)y decays
passes all particle identification selections and pollutes the sample. These are suppressed by
vetoing candidates with a K™K~ invariant mass, calculated by interpreting the proton can-
didate as a kaon, between 1.01 and 1.04 GeV/c?. Remaining contributions from misidentified
B? - K~K* yand B K~ 7" ~ decays are estimated to contribute less than 0.5% of the
signal yield and are therefore not included in the baseline model. Background stemming from
photon misidentification, such as A) — pK 7" or A) — pK ~n, is difficult to quantify due to
their unknown resonant structures. Estimates using simulation samples assuming a uniform
distribution in the respective phase space indicate a contamination of 1-2% relative to the
signal decay. Limiting the analysis to a proton-kaon invariant mass of 2.5 GeV/c? removes at
least the contributions from potential proton-photon and kaon-photon resonances of these
backgrounds which would be the most distorting. Potential contamination from E,? — pK ™y
decays are investigated and found to be negligible. The data are checked for remaining
misidentified backgrounds by applying higher thresholds to the proton and kaon particle
identification selection requirements, and by comparing different two-body invariant mass dis-
tributions under various alternative mass hypotheses. This reveals misidentified D? — K+ K~
and D° — K+7~ decays combined with an unrelated photon, which populate the low mass
side band of the signal /12 mass peak. A veto on these decays has a strong impact on the shape
of the signal acceptance in the Dalitz plane. For this reason, the candidates are retained and
treated as part of the combinatorial background. The effect of this treatment is considered
as a systematic uncertainty. Partially reconstructed decays, such as /18 —pK*~ (=K~ 7%,
where the pion is not reconstructed, are also a source of background, which is included in
the fit to the three-body invariant-mass distribution described in the following.

3 Invariant mass fit

The three-body invariant mass distribution of the candidates fulfilling all selection criteria is
shown in figure 1. An unbinned maximum-likelihood fit to these candidates is performed.
Following the sPlot technique [26], a signal weight (sWeight) is assigned to each candidate to
statistically disentangle the signal and background components in the subsequent amplitude
analysis. The invariant mass fit is performed separately for Run 1 and Run 2, due to
differences in the trigger configurations that affect the Dalitz plane distributions and hence
require a separate treatment in the amplitude fit.

The signal is modelled by a double-sided Crystal-Ball [27] function comprising a Gaussian
core with asymmetric tails. The tail parameters are determined using A) — pK v simulation
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Figure 1. Distribution of the three-body invariant mass of the candidates in the (left) Run 1 and
(right) Run 2 data sets. The results of the fits are overlaid.

samples. The remaining background due to random combinations of particles is modelled
using a decreasing exponential function where the slope and yield are allowed to vary freely
in the fit to data. The shape of the background from partially reconstructed decays is
taken from simulation samples of A) —pK*~(—K )y decays generated uniformly in phase
space, reconstructed as signal candidates, and modelled using a kernel density estimator [28§]
with Gaussian kernels.

Figure 1 also shows the result of the invariant-mass fits to the Run 1 and Run 2 data
sets. The signal yields are determined to be 6855 + 93 and 45558 + 247, in Run 1 and
Run 2, respectively.

The observed width of the Ag mass peak is large compared to the width reconstructed
using, for example, AY — J/ppK ~ decays [13]. This is a consequence of the large uncertainty
in the photon momentum reconstruction, which is based on the ECAL cluster providing only
limited directional information. Repeating the vertex fit while fixing the invariant mass of
the A) candidate to the known AY mass value [29] reduces the uncertainty in the photon
momentum for correctly identified A) — pK 7 candidates given the excellent precision of
the reconstructed proton and kaon momenta [30]. The background-subtracted data in the
Dalitz plane are shown in figure 2. The two-body invariant masses displayed here, and
used in the amplitude fit later, are calculated using the Ag mass constraint as indicated
by the AP subscript.

As a cross-check for the combination of data within a single run period, the fit to the
three-body invariant mass is performed on the full data set and the data set of each year
individually. No significant discrepancies between the fit results are observed. In order to
validate the sPlot technique, fits to the three-body invariant mass are also performed in bins
of the proton-kaon and the proton-photon invariant masses; these fits yield compatible results.

4 Amplitude model

The structures in the data shown in figure 2 are described using an amplitude model following
the prescription of ref. [31]. The intermediate /A resonances decaying to pK ~ are modelled
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Figure 2. Distribution of the A) — pK~ candidates in the Dalitz plane, defined by m?,(pK~) and
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assuming Breit-Wigner lineshapes, while their spin-dependent angular distributions are
described by the helicity formalism.

The three-body decay of a particle with non-zero spin results in five independent phase-
space dimensions. Given that the /lg baryons observed by LHCb are produced unpolarised [32],
the dimensionality of the phase space relevant to this analysis is reduced from five to two [31].
In the following, the phase-space position is denoted D. This position can be expressed
in terms of the Dalitz variables [33] as shown in figure 2 for the background-subtracted
data. Equivalently, the phase-space position can be given by the proton-kaon invariant
mass, m(pK~) and the cosine of the proton helicity angle, cosf),, as is used in ref. [34].
The helicity angle of the proton, 6,, is the polar angle of the proton momentum in the
proton-kaon rest frame where the z axis coincides with the A resonance polarisation axis.
This angle can be calculated using two steps. First, the proton and resonance momentum
are boosted into the Ag rest frame where the coordinate system is defined such that the
resonance momentum direction coincides with the z axis. Second, the proton momentum is
boosted into the proton-kaon rest frame. The magnitude of the z component of the obtained
proton momentum, p, defines the cosine of the proton helicity angle

Dz
cosb, = —=. 4.1
p ‘ p| ( )
The amplitude of the decay chain /12 — A(— pK ™)y with resonance spin J, and particle
helicities denoted by J\; is

J _
AL s, = A0 Op) HR, 3 R X, (m(pK 7)) (4.2)

The function X, (m(pK~)) represents the resonance dynamics. The Wigner d-matrix
elements, di;}‘ 5, (0p) [35], describe the rotation of spin states from the A helicity frame into
the proton helicity frame. The helicity-coupling amplitudes H and h contain the information
about the dynamics of the decays A) — Ay and A — pK ™, respectively. Given that the
kaon has spin-0, its helicity is also zero and is omitted in the index of the A— pK ™ helicity
amplitude, h.



Helicity conservation, defined as A\, = Aq — Ay, must be fulfilled. As a result, the

resonance helicities can only take the values Ay = :I:% for J4 = :l:% and Ay = :l:%,j:%

for J4 > % Moreover, the resonance and photon helicities must have the same sign.

Subsequently, there are two (four) helicity couplings for each resonance with spin—% (> %)
Standard parametrisations of resonance dynamics depend on the orbital angular momentum
between the children in a decay requiring a transformation of eq. (4.2) from the helicity

to the canonical basis

|Tats| | Tp+Tx]
A I A A
AN = A3, (0p) > > Clinj,
I=|Ja—s| s=|Jp—JK]|
[Jo+S] [JatJy]
A A yA -
Xy > CisHisXiy (m(pK™)),
L=|Jp—S| S=|J1—J-|

(4.3)

where the angular dependence remains unchanged. This transformation couples the spins
of the child particles in a decay to a total spin which is then coupled with their orbital
angular momentum. The factors C’,{}S and Cl/; are the products of the Clebsch-Gordan
coefficients required in the spin-spin and spin-orbital-angular-momentum coupling for the
resonance-photon and proton-kaon systems, respectively. In the resonance-photon system,
the total spin, S, and orbital angular momentum, L, can take different values such that
the product of the Clebsch-Gordan coefficients is

[20 +1
Chg = mm, As Ty =M S, (Aa = M) - (L,0;8, (Aa — M) gy Ap) . (4.4)

1
29
momentum between the proton and the kaon, [, is fixed for a given spin-parity combination

The total spin of the pK~ system is s = 5, as the kaon carries no spin. The orbital angular

due to angular momentum and parity conservation in the strong decay A — pK~. The
corresponding Clebsch-Gordan coefficients in the proton-kaon system are

Clt = 11,05 Jp, AplJa, Ap) - (4.5)

Hence, the summation over the spin and orbital angular momentum of the pK~ system can
be dropped and only one coupling hl/; remains and is absorbed into the H fS couplings:

Aflg = Highi . (4.6)

A standard parametrisation of resonance dynamics as employed in previous amplitude
analyses (for example in refs. [13, 36]) is used:

S\ L S
X (m) = ('jo’) Bu(ll.a0) (';jo) Bi([]. po) BW(m) (4.7)

AgﬁA'y A>pK—

where ¢ (p) is the momentum of the resonance (proton) in the A) (A) rest frame and B; and
By, are Blatt-Weisskopf form factors [37]. Accordingly, the magnitudes of the momenta at



the nominal resonance mass are gg and pg. The resonance is modelled using a Breit-Wigner
(BW) distribution [38]

BW(m) = —y , r(m):ro<

mg —m? — imol'(m)

20+1
P\ m
m

0 — [Bi(p, po)]* , (4.8)

with resonance mass mg and width I'g. For the A(1405) resonance, with a pole-mass below
the pK~ threshold, a similar approach as the amplitude analyses of A)— J/pK~ [13] and
AT — pK~ 7t [39] is employed, i.e. using a two-component width equivalent to the Flatté
parametrisation [40]. The barrier factors, (|¢]/q0)* and (|7]/po)!, suppress high orbital
angular momenta compared to low ones, which will be exploited to simplify the model later
on. The Blatt-Weisskopf form factors are equal to unity at the resonance pole and shape the
resonance peak depending on the orbital angular momentum. This analysis uses the same
parametrisation of the Blatt-Weisskopf functions as ref. [13]. Following the choice made in
ref. [36], the radius of the AJ baryon is taken to be 5(GeV/(ch))™! and the radius of the
A resonances is taken to be 1.5(GeV/(ch))™?

The final decay rate is the sum over all appearing A resonances and their possible
helicities, A4, as well as the initial and final state helicities, Ay, Ay, A

dr 1 |Jb+S| |JA+J’Y

D~ 2 PIEIPICHNCICDS >, CrsApsXpp(m(pKD)| . (49)

Abs Ay Ap [ A Aa L=|Jy=S| 5=|Ja—Jy|

The decay is assumed to be CP-conserving such that the amplitudes of the decay Ag — pK ™y
and Zg — pK T~ have the same helicity couplings. As a consequence of isospin suppression,
investigated experimentally in ref. [41] and theoretically in ref. [42], the A) — pK ~~ decay is
dominated by the A states and therefore X' resonances, which have the same quark content
but different isospin, are not considered in this analysis. Additionally, resonances in the
proton-photon and kaon-photon invariant masses are not included as they almost exclusively
populate the region at m(pK) > 2.5 GeV/c.

Besides resonances, additional nonresonant components may be necessary to achieve a
satisfactory description of the data. Such nonresonant contributions are modelled similarly
to the resonances, where the Breit-Wigner peak is replaced by an exponential function
or a constant

q0 Po

barrier factors

() ()

barrier factors

P () = @L @lex —a(m®—m
X m) = () (1) exp (~a(m? — mi)

(4.10)

Xll\/IlR,COHSt (m)

The mass parameter used in the computation of py and gy of the nonresonant component is
set to the centre of the possible proton-kaon invariant-mass range: mygr = 3.5 GeV/c2. The
parameter « is determined by the fit. To incorporate this into the decay rate, the sum over
all resonances in eq. (4.9) needs to include the nonresonant component. The corresponding



coherent sum over the helicity states resembles the sum of a resonant contribution where
only the lineshape in eq. (4.7) is replaced by the one in eq. (4.10).

Finally, the transformation into the LS basis must conserve the number of degrees of
freedom (two (four) helicity couplings for each A with spin § (> 3)). However, given that
the angular momentum coupling is a purely mathematical transformation and lacks physics
knowledge such as A, # 0, there are four (six) LS combinations for spin 3 (> 2) resonances.
Translating H, /59 = 0 into a combination of LS couplings is non trivial. An approximation
omitting all dynamical terms in eq. (4.3) is obtained by expressing the two couplings with

highest S in terms of the other two or four:

-1

A + + +
Lmax;Smax CLmaxysmax CLmax_LSmax AA CLS (4 11)
A g Cc; 2. M| | '
Lmax*LSmax Lmax,Smax Lmaxflasmax L’S<Smax LS

The constants Cfs are the Clebsch-Gordan coefficients Cfs with resonance helicity Ay = :I:%
and photon helicity A\, = 0. In the case of a spin—% resonance for example, there are six LS
combinations: (0, %) , (1, %) ) (1, %) ) (2, %) ) (2, %) , (3, %) The transformation in eq. (4.11)
replaces the latter two and ensures that the amplitude vanishes exactly at the nominal
mass of the resonance.

Two interesting quantities that can be extracted from the model are the fit fraction, the
relative contribution of a single resonance to the determined full amplitude computed by

Jp (U55Y) ap
o (%)ap

FF(n) : (4.12)

and the interference fit fraction

I (*F5™) 4D
Ip (g%) dD

Here, dI'(n)/dD is the decay rate for a single state n, i.e. where the sum in eq. (4.9) only

IFF(n,m) = — FF(n) — FF(m). (4.13)

contains the state n. Similarly, dI'(n, m)/dD is the decay rate of two states n,m, i.e. where
the sum in eq. (4.9) only contains the states n and m. In contrast, dI'/dD is the decay
rate containing all states of a given model.

5 Amplitude fit

A simultaneous, unbinned, maximum-likelihood fit of the amplitude model to the Run 1 and
Run 2 data sets determines the LS couplings Arg. The negative logarithm of the likelihood
function (NLL) is defined as [43]

NLL = —log(£) = — Y log (f1 (D)) ws— Y log(f2 (D)) ws. (5.1)
Run 1 Run 2

The weights w; are the sPlot weights presented in section 3 normalised to the effective sample
size [44]. The probability distribution functions f; correspond to the normalised rate in



eq. (4.9), multiplied by the efficiency map &;(D) of Run 1 or Run 2:

Ez(D) dr
(D) = —, .2
f(0) = T2 (52)
where the normalisation factor is calculated as
dr
I, = i1(D)—=dD. .
Rt (5.3)

The efficiency maps, obtained from simulation samples, are implemented as interpolated
histograms. The fit is performed using the TENSORFLOWANALYSIS package [45].

Table 1 lists all A resonances whose existence ranges from very likely to certain according
to ref. [29]. Such states are rated three or four stars and are derived from analyses of data
sets that include precision differential cross sections and polarisation observables, and are
confirmed by independent analyses. The allowed values of the orbital angular momenta
between the proton and the kaon, [, and the resonance and the photon, L, are given explicitly
in the rightmost columns.

The fit parameters are the couplings Afs, resulting in 45 independent complex variables
when including all listed A resonances. A baseline fit comprising these contributions determines
A(1800) as the largest component. To fix the overall phase and magnitude of the full amplitude,
its coupling with lowest L is therefore set to ]Aé?lo/o2| =1 and arg(A(l)?lo/OQ) =0.

Due to the complexity of the amplitude model, the NLL function has many local minima.
Depending on the exact combination of initial values, the fit may converge to different minima.
When determining the best model, the fit is repeated ten times starting from randomised initial
values. Only the result with the lowest NLL out of these ten is compared to the other models.
This procedure reduces the risk of choosing the wrong best model based on convergence to a
local minimum. While the different minima correspond to different values of the couplings,
the values for the fit fractions and interference fit fractions are similar for different minima. As
a result of this instability with respect to the couplings, this analysis treats them as nuisance
parameters while the derived fit fractions and interference fit fractions are the observables.

The quality of the fit is determined using a binned y? test comparing the two-dimensional
weighted data histogram in (m A0 (pK™),cos ) with the fit result. The latter is obtained by
generating a large sample of 6x10° data points — more than 100 times the combined signal
yield — from the fitted pdf. Because some kinematic regions are only sparsely populated,
the histogram is defined using a non-uniform binning with at least 100 observed signal events
in each bin. Due to the differences in the Run 1 and Run 2 acceptance shapes, this binning
is calculated separately for the two subsets.

The initial model contains all well-known A resonances (see table 1) and no other
components. This gives an good description of the major structures in the data. This model
is referred to as the reduced model. The distribution of the proton-kaon invariant-mass in
Run 1 and Run 2 is shown in figure 3. The projection of the reduced model including all its
components is overlaid. While the reduced model overall describes the data spectrum well,
the model is not satisfactory in the region m (pK~) > 2GeV/c?. As the heavy A states
are poorly known, the mass and width of different combinations of heavy states are floated
with Gaussian constraints of 100 MeV/c? around the values obtained from ref. [29] in order to

,10,



Resonance | J©  myg T Amyg AT Omg 0Ty | 1 L
A(1405) %7 1405 50.5 +1.3 +2 1.3 210 0,1
A(1520) %7 1519 16 1518-1520 15— 17 1 112 0,1, 2
A(1600) %+ 1600 200 1570-1630 150-250 | 30 501 0,1
A(1670) %_ 1674 30 1670-1678 25— 35 | 4 510 0,1
A(1690) %_ 1690 70 1685-1695 50— 70 | 5 1012 0,1,2
A(1800) %_ 1800 200 1750-1850 150-250 | 50 500 0,1
A(1810) %Jr 1790 110 1740-1840  50-170 | 50 60 |1 0,1
A(1820) %Jr 1820 80 1815-1825 70— 90 | 5 103 1,2,3
A(1830) %_ 1825 90 1820-1830 60-120 | 5 302 1,2,3
A(1890) %Jr 1890 120 1870-1910  80-160 | 20 40 |1 0,1,2
A(2100) %7 2100 200 2090-2110 100-250 | 10 100 | 4 2,3,4
A(2110) %Jr 2090 250 2050-2130 200-300 | 40 5013 1,2,3
A(2350) %Jr 2350 150 2340-2370 100250 | 20 100 | 5 3,4,5

Table 1. List of well-established A resonances and their properties as given in ref. [29]. J and P
are spin and parity of the resonance. The mass my and width I'y correspond to the Breit-Wigner
parameters and are given in MeV/c? and MeV respectively. The possible mass and width ranges, Amy
and ATy, are also given. If a measurement of mass and width is available, the uncertainties are given
instead of a range. The columns o,,, and or, contain the o values used to estimate the systematic
uncertainty related to the resonance parameters. The rightmost columns contain the allowed values of
[ and L.

improve the fit quality. Allowing the mass and width of the A(2100) and A(2110) states to
vary, while keeping those of the A(2350) state fixed, yields the biggest improvement.
Another option to improve the fit quality is the addition of nonresonant contributions.
The nonresonant components can affect the entire region of the phase space, and are espe-
cially important in regions where resonances with the matching spin-parity may interfere.
Nonresonant components with spins up to % and both parities, using an exponential or
constant lineshape (see eq. (4.10)), are tested. Both lineshape functions tested yield very
similar results for a given set of quantum numbers and the constant one is taken as the
default lineshape. The model including a nonresonant component with quantum numbers
JP = %7 results in the best fit quality for either lineshape. The fit quality of this model is
better than the fit quality of the reduced model with floating resonance masses and widths.
As a result, the best model used to determine the default result consists of the reduced

model containing all A states with mass and width fixed to the values given in table 1 and a
nonresonant component with quantum numbers J* = %_. Figures 4 and 5 contain projections
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Figure 3. Background-subtracted distribution of the proton-kaon invariant-mass (black dots) for
the (left) Run 1 and (right) Run 2 data samples. Also shown is a sample generated according to the
result of a simultaneous fit of the reduced model to the data (red dots) and its components (lines)
as well as the contributions due to interference between states with the same quantum numbers J¥
(shaded areas).

of the data and the model with its components onto all two-body invariant masses as well as
the proton helicity angle for Run 1 and Run 2. Appendix A shows the projections onto the
proton-kaon invariant mass using a logarithmic vertical axis. The same set of plots is provided
in appendix B for the fit with floating resonances representing the second best model.
The statistical uncertainties on the fit fractions and interference fit fractions are deter-
mined by bootstrapping the data 250 times. This means that the data set is resampled and a
new set of s Weights is calculated from a fit to the three-body invariant mass of each bootstrap
sample. Running the amplitude fit on each sample with its respective s Weights results in a
distribution for each observable. The value for the statistical confidence interval given later
is obtained by finding the shortest 68% interval around the maximum of this distribution.

6 Systematic uncertainties

Systematic uncertainties arise from four major categories: the choice of amplitude model,
the acceptance model, the invariant-mass fit model, and potential remaining backgrounds.
The individual uncertainties are listed in table 2 and outlined in the following.

6.1 Amplitude model

In the default fit, the masses and widths of the resonances are set to their world averages and
fixed in the fit. To assess the impact of this choice, alternative masses and widths are sampled
from Gaussian distributions. The widths of the Gaussians are given in table 1 as o,,, and
or, and are chosen based on the ranges Amg and Al'g. Pseudoexperiments, generated using
these alternative mass and width values, are fitted with the default model. The shortest 68%
interval around the maximum of the distribution of the difference between the generated
and fitted values is taken as a systematic uncertainty.
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Figure 4. Background-subtracted distribution of the (top) proton-kaon and (bottom) proton-photon
invariant-mass (black dots) for the (left) Run 1 and (right) Run 2 data samples. Also shown is a
sample generated according to the result of a simultaneous fit of the default model to the data (red
dots) and its components (lines) as well as the contributions due to interference between states with
the same quantum numbers J¥ (shaded areas).

Similar to the treatment of the masses and widths, also the Ag and A radii used in the
Blatt-Weisskopf functions are fixed to dAg = 5(GeV/(ch))™! and dy = 1.5(GeV/(ch))~
in the default fit. The impact of this choice is assessed by generating samples with
dpo = 3,5,7(GeV/(ch))~! and dy = 0.5,1.5,2.5,3.5 and 4.5 (GeV/(ch))~!. These samples
are fitted with the default model. The bias and standard deviation of the differences between
the generated and fitted values for each combination of d A0 and d, is taken as systematic
uncertainty.

Besides the default model, several other models result in a good description of the
data. The systematic effects due to choosing certain components and shapes over others are
quantified by generating samples using an alternative model and fitting the default model
to the generated pseudosample. The five alternative models are:

- removing the nonresonant component and instead floating mass and width of the
A(2100) and A(2110) states using Gaussian constraints (this is the second best model);
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Mass fit model

Opy  Ocomb.

OpK

Acceptance model

Oacc.  Okin.

Ofinite

Amplitude model

Oamp. Ores.

A
O radius

A
OBW

+4.

+3

+1

+4.

+5

+0.4
-0.7

+0.5
-3.6

+0.3
—-2.3

-2

+1.

—2.8

+4.1
+1.5

-1.9

+2.4
-3.1

Observable

A(1690)

A(1800)

A(1830)

A(1890)

A(2110)

A(1405), A(1670)

A(1405), A(1800)

A(1520), A(1690)

aala\]

A(1520), NR

A(1600), A(1810)

A(1670), A(1800)

A(1820), A(2110)

Table 2. Systematic uncertainties on the fit fractions (top part of the table) and interference fit

fractions (bottom part of the table). The values are given in %. The subscripts “BW”, “radius”,
“amp.”, and “res.” refer to the systematic uncertainty due to fixing the resonance mass and width,

fixing the radius of the hadrons, the choice of amplitude model, and the neglected resolution in

the amplitude fit, respectively. The subscripts “finite”, “acc.”, and “kin.” refer to the systematic
uncertainties due to the finite simulation sample used to determine the acceptance model, the choice

of acceptance model, and the kinematic reweighting, respectively. The subscripts “pK”, “py”, and
“comb.” refer to the systematic uncertainty due to calculating the sWeights in bins of the proton-kaon

invariant mass, the proton-gamma invariant mass, and the choice of model for the combinatorial

background in the three-body invariant mass fit respectively.

— 14 —



§ 600 LHCD Run 1 (3 fb1) + § 1750 - LHCb Run 2 (6 fb™?) Hy
) ) +
2 s00f i+++ < o t“ t ":
El # 3 ¢ A
= 1m0t :
2 dor *# + % K
£ Z 1000+ “t’ ¢
= 300 =]
= ¢*¢ g ot a .
< 200F H T Ll t.“u
= +i'4’- + % ot
£ 100 + = 20k o o
= Ld g \2 - o/,é i N
0 — - — — 0 ——— - —
1 1 1 1 1 1 1 1 1 1 1 1 1 1
15 20 25 30 35 40 45 15 20 25 30 35 40 45
”LA‘I;(K ) [GeV/ mp(K™7) [GeV/ A
% [ = om0 F
g 0 LHCb Run 1 (3 fb1) S 2000 t LHCb Run 2 (6 fb1)
600 #ii — 1750 g #,
£ + £ #
= £ 1500 - ¢
= 500 :#: < b4
E + ERES *Io
S 00 :F# 8 +1
E + T 1000 F i,
= = +
=, 300 #:t ) ¥
G E T0r
= F+ = 7 iy,
2001 + 500 Freny
+F v0st,
100 - +*4'—.3?0= - Teetrys
"'-0._._ ng
0 1 1 — 1 : 0 - 1 1 — 1
~1.0 —05 0.0 0.5 1.0 ~1.0 —05 0.0 0.5 1.0
cos b, cos ),

Figure 5. Background-subtracted distribution of (top) the kaon-photon invariant-mass and (bottom)
the proton helicity angle (black dots) for the (left) Run 1 and (right) Run 2 data samples. Also shown
is a sample generated according to the result of a simultaneous fit of the default model to the data
(red dots) and its components (lines) as well as the contributions due to interference between states
with the same quantum numbers J¥ (shaded areas). See figure 4 for the legend.

- using an exponential function instead of a constant for the lineshape of the nonresonant
component;

- employing a sub-threshold Breit-Wigner for the lineshape of the A(1405) state instead
of the Flatté shape;

+

5.
2
1+

- adding a second nonresonant component with constant lineshape and J¥ =

adding a second nonresonant component with constant lineshape and J* =

2
The systematic uncertainty due to the model choices is calculated based on the mean and
spread of the results obtained using the five alternative models.

Because the resolution is much smaller than the width of the resonances in all regions of
the Dalitz plane, the amplitude model does not include resolution effects in the two-body
invariant masses, m o (pK) and m A0 (py). The systematic impact of this choice is tested
by generating samples with the default model and smearing the masses according to the
resolution determined on simulation samples. Both the unsmeared and smeared samples
are fit with the default model which does not account for the resolution. The shortest 68%
interval around the maximum of the distribution of the difference between the two results
is taken as a systematic uncertainty.
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6.2 Acceptance model

The acceptance map is created using a simulation sample generated uniformly in phase space.
The finite size of the sample, the choices regarding particle identification and kinematic
modelling, as well as the number of bins in the acceptance histogram are varied individually
to assess their impact on the observables. The fit to data is repeated with each alternative
acceptance map and the difference between the default and alternative result calculated. The
spread of the differences for the acceptance-related systematic effects, namely the finite sample
size, the acceptance model, and the kinematic weights are taken as individual systematic
uncertainties. The uncertainty associated with the particle identification weights is found
to be negligible.

6.3 Mass fit model

In order to quantify systematic effects due to choices in the fit to the Ag invariant mass,
the analysis is performed for each of these alternatives:

- modelling the combinatorial background using a polynomial instead of an exponential

function;

- modelling the partially reconstructed background using an Argus function [46] instead
of a kernel density estimator obtained from simulation samples;

- letting the signal tail parameters vary in the fit to data using a Gaussian constraint
instead of fixing them;

- calculating the sWeights in bins of m s (pK~) and m A0 (py) to account for possible
correlations between the Dalitz variables and the three-body invariant mass.

Only changing the shape of the combinatorial background and calculating the sWeights in
bins of the two-body invariant masses results in a difference with respect to the default result;
this difference is added as a systematic uncertainty.

6.4 Additional background contamination

After the selection, a small number of candidates from misidentified D° — K+K~ and
DY — K+7~ decays combined with a random photon remain in the data sample. In the
three-body invariant mass, they are predominantly located below the /12 mass peak. The
full analysis chain is repeated vetoing both DY decays in order to determine the systematic
effect of this choice and no difference is observed.

The contamination due to misidentified BY — K+ K~ and B® — K*n~ v decays is
estimated to not exceed 0.5% of the signal yield. The resulting structures are wide and spread
across large parts of the phase space. Nevertheless, the two backgrounds are included in the
mass fit constraining their yield to 0.5% of the signal yield. The amplitude fit is repeated
using the obtained alternative set of sWeights. No difference to the default result is observed.

6.5 Systematic uncertainty combinations

Table 2 contains all individual systematic uncertainties considered for the final result. Sources
of systematic uncertainty found to have no impact on the default values are neglected: the
limited simulation sample size and the particle identification weights used to determine the
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acceptance model, the shape of the signal and combinatorial background in the fit to the
three-body invariant mass, and the consideration of additional misidentified B? and B°
backgrounds in the mass fit as well as vetoing misidentified backgrounds from D decays. All
acceptance-related systematic uncertainties are assumed to be Gaussian and centred around
the default value. All mass fit systematic uncertainties are also assumed to be Gaussian
and centred around the default value, however only allowing values on either the positive
or negative side as the nature of these systematic effects is a one-sided bias instead of a
double-sided uncertainty. The systematic uncertainty related to the amplitude model is
considered to be Gaussian but biased with respect to the default value. Similarly to the
statistical uncertainty, the systematic uncertainty due to fixing the resonance parameters and
neglecting the resolution are neither centred around the default value nor symmetric.

As a consequence of asymmetric non-Gaussian behaviour of these distributions, the
uncertainties can not be combined by taking the square root of the sum of the individual
uncertainties squared. Instead, they are combined by numerically convolving the distributions
and taking the shortest 68% interval around the maximum of the resulting distribution as
the combined uncertainty interval. The uncertainty due to the poorly known A resonance
parameters dominates the combination. In order to differentiate between the uncertainty
due to this external input and the systematic uncertainty related to the analysis choices, the
combination is performed once for all sources of systematic uncertainty and once for all but

A A

ofw and Opadius. The two external uncertainties i3y, and o 4. external

are combined to give ogy

7 Results and conclusion

The results of this analysis, including statistical and systematic uncertainties, are presented
in figure 6 and table 3. The statistical correlations between the observables are given in
appendix D. The data and model projections on the invariant masses and proton helicity
angle are shown in figures 4 and 5. The largest resonant contributions to the Ag — pK ™y
decay are found to arise from the A(1800), A(1600), A(1890) and A(1520) states, in decreasing
order. The largest interference term involves the A(1405) and A(1800) baryons.

The uncertainties for most observables are dominated by external inputs, specifically the
masses and widths of the A states. A future measurement including improved knowledge of
the different A baryons and more data will result in a significant reduction of the uncertainties.

The analysis of A) — pK v decays provides information about the composition of
the pK~ spectrum with unique access to the heavier A states. A comparison between the
composition of the spectrum in AY — pK v and A) — JappK~ decays, see ref. [13], is
complicated due to the different extent of the phase space and the prominent pentaquark
contributions in the latter. Three notable differences are explained in the following. First,
the contribution of the sub-threshold resonance A(1405) is much smaller in the radiative
mode. Second, the A(1810) state appears small in decays to a photon but large in the
J/ip case; the neighbouring A(1820) state behaves in the opposite way. This observation
reveals a potential ambiguity between the two resonances also echoed in the systematic
uncertainties on their fit fractions presented in this paper. Third, the heavy resonances
A(1890), A(2100), A(2110), and A(2350) are much larger in the radiative case, which is in
part due to the phase space enhancement.
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Figure 6. Final results for the fit fractions and interference fit fractions. The vertical line separates
the fit from the interference fit fractions. The error bars represent the different sources of uncertainty.

In conclusion, an amplitude analysis of the decay Ag — pK ™ is presented for the first
time, based on the helicity formalism. A sample of around 50 000 signal candidates is selected
from proton-proton collisions recorded by the LHCb experiment at centre-of-mass energies
of 7, 8 and 13TeV. The default fit model comprises all known A resonances as well as a
nonresonant contribution with quantum numbers J¥ = %7. The presented amplitude model
provides a detailed description of the /12 — pK ™~ decay with possible applications ranging
from searches for beyond the Standard Model physics in Ag — pK~¢*T¢~ decays to QCD
studies and a possible measurement of the photon polarisation in A) — pK ~~ decays using

polarised A) baryons from Z decays at future eTe™ colliders.
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A Logarithmic scale plots of m o (pK™)

The plots in figure 7 are equivalent to the top plots in figure 4 with a logarithmic vertical
axis in order to make all components visible. This means the plots contain the background
corrected data distributions in the proton-kaon invariant mass. The plots also contain the full
fit model and the individual components. Note that there are regions where the interference
terms become negative but this cannot be displayed on a logarithmic scale.

B Projections for the reduced and second best models

The reduced model consists of the A resonances in table 1. The best and second best model
are based on the reduced model. Contrary to the best model, the second best model has
no nonresonant component but instead the mass and width of the A(2100) and A(2110)
states are floated in the fit.

Figure 8 shows the fit projections on the proton-photon and kaon-photon invariant-mass,
as well as the proton helicity angle for the reduced model. Figure 9 shows the fit projections
on the two-body invariant masses and the proton helicity angle for this fit. Figures 10 and 11
show the projections on the proton-kaon invariant mass for the reduced model and the second
best model using a logarithmic scale.
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Figure 8. Background-subtracted distribution of (top) the proton-photon invariant-mass, (middle)
the kaon-photon invariant-mass, and (bottom) the proton helicity angle (black dots) for the (left)
Run 1 and (right) Run 2 data samples. Also shown is a sample generated according to the result of a
simultaneous fit of the reduced model to the data (red dots) and its components (lines) as well as the
contributions due to interference between states with the same quantum numbers J¥ (shaded areas).
See figure 3 for the legend.

C Couplings at the best fit point

Tables 4 and 5 give the value of the couplings, Ayg, obtained from the fit of the default
model to data. These values serve primarily to construct the model and cannot be interpreted
as measurements. Uncertainties for the couplings are not calculated as they generally are
unstable such that minor changes (as are done when estimating systematic uncertainties)
can result in very different couplings. The rightmost column indicates which couplings are
dependent on the others via eq. (4.11).
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Figure 9. Background-subtracted distribution of (top three rows) the two-body invariant-masses and
(bottom row) the proton helicity angle (black dots) for the (left) Run 1 and (right) Run 2 data samples.
Also shown is a sample generated according to the result of a simultaneous fit of the second best

model to the data (red dots) and its components (lines) as well as the contributions due to interference
between states with the same quantum numbers J¥ (shaded areas). See figure 3 for the legend.
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Resonance | 2L 2S | |Aps| arg(Ars) additional comment
0 1 |2890 —0.672

A(1405) 2 1 | 2137 —2.633
2 3 | 1511 0.509 dependent via eq. (4.11)
4 3 |2044 2.470 dependent via eq. (4.11)
0 1 |0.400 —0.016
2 1 | 0.542 0.147

A(1520) 2 3 | 2.063 1.649
4 3 | 1.142 2.083
4 5 | 0.590 —0.607 dependent via eq. (4.11)
6 5 ]0.773 —0.944 dependent via eq. (4.11)
0 1 | 7.000 0.970

A(1600) 2 1 | 4.127 3.057
2 3 |2918 —0.085 dependent via eq. (4.11)
4 3 | 4950 —2.171 dependent via eq. (4.11)
0 1 |0.182 2.694

A(1670) 2 1 | 0.394 0.549
2 3 10.279 —2.592 dependent via eq. (4.11)
4 3 ]0.129 —0.447 dependent via eq. (4.11)
0 1 |0371 —2.977
2 1 | 2.426 0.694

A(1690) 2 3 | 1.328 0.263
4 3 | 2918 0.648
4 5 | 1225 —2.599 dependent via eq. (4.11)
6 5 | 1418 0.824 dependent via eq. (4.11)
0 1 | 1.000 0.000 fixed in the fit

A(1800) 2 1 | 4418 —1.498
2 3 |3124 1.643 dependent via eq. (4.11)
4 3 |0.707 3.142  dependent via eq. (4.11)
0 1 | 1.453 —2.702

A(1810) 2 1 | 0374 —1.129
2 3 |0.264 2.012 dependent via eq. (4.11)
4 3 | 1.027 0.440 dependent via eq. (4.11)
2 3 | 0.692 —2.965
4 3 | 3.166 —1.937

A(1820) 4 5 | 2.258 —1.733
6 5 | 3.023 —1.299
6 7 | 0.931 2.510 dependent via eq. (4.11)
8 7 | 2157 —1.984 dependent via eq. (4.11)

Table 4. Magnitude, |Arsl|, and phase, arg(Arg), of the couplings at the best fit point of the default
model for resonances A(1405), A(1520), A(1600), A(1670), A(1690), A(1800), A(1810), and A(1820).
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Resonance | 2L 2S5 | |ALs| arg(Ars) additional comment
2 3 | 0.646 2.337
4 3 ]0.881 —2.763

A(1830) 4 5 | 0.894 0.643
6 5 | 0.764 —2.560
6 7 | 0.536 2.018 dependent via eq. (4.11)
8 7 |0931 —2.707 dependent via eq. (4.11)
0 1 | 2.070 —1.103
2 1 | 1.312 0.175

A(1890) 2 3 | 1.449 3.118
4 3 | 3.918 1.441
4 5 | 2724 —1.376 dependent via eq. (4.11)
6 5 | 1455 0.109 dependent via eq. (4.11)
4 5 | 2.378 —0.537
6 5 | 5.087 1.139

A(2100) 6 7 ] 3.192 1.384
8 7 |6.932 1.924
8 9 | 3.088 —0.778 dependent via eq. (4.11)
10 9 | 3.946 1.106 dependent via eq. (4.11)
2 3 | 2.093 2.382
4 3 | 6.217 —2.358

A(2110) 4 5 | 2.348 —1.664
6 5 | 6.899 —1.546
6 7 | 3.044 2.015 dependent via eq. (4.11)
8 7 | 4810 —2.427 dependent via eq. (4.11)
6 7 | 0.509 —1.829
8§ 7 | 0.670 —0.946

A(2350) 8 9 | 1.751 —1.344
10 9 | 0.848 —0.286
10 11 | 0.471 —2.076 dependent via eq. (4.11)
12 11 | 0.396 —0.711 dependent via eq. (4.11)
0 1 |1.368 0.598
2 1 | 8.811 3.131

NR(%_> 2 3 | 7525 —0.006
4 3 | 5.694 —2.808
4 5 | 289 0.426 dependent via eq. (4.11)
6 5 |9.075 3.132 dependent via eq. (4.11)

Table 5. Magnitude, |Arsl|, and phase, arg(Arg), of the couplings at the best fit point of the default
model for resonances A(1830), A(1890), A(2100), A(2110), A(2350), and the nonresonant component.
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Figure 10. Background-subtracted distribution of the proton-kaon invariant-mass (black dots) for
the (left) Run 1 and (right) Run 2 data samples on a logarithmic scale. Also shown is a sample
generated according to the result of a simultaneous fit of the reduced model to the data (red dots) and
its components (lines) as well as the contributions due to interference between states with the same
quantum numbers J¥ (shaded areas).
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Figure 11. Background-subtracted distribution of the proton-kaon invariant-mass (black dots) for
the (left) Run 1 and (right) Run 2 data samples on a logarithmic scale. Also shown is a sample
generated according to the result of a simultaneous fit of the second best model to the data (red dots)
and its components (lines) as well as the contributions due to interference between states with the
same quantum numbers JE (shaded areas).

D Statistical correlations

Table 6 provides the statistical correlations between the observables.
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