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Abstract.

Starting from the Ag — pT K™~ decay, we study the Ag — A*(pTK ™)y de-
cay, with the intermediary resonances being treated in the helicity formalism. A specific
algorithm is presented which transforms a sample of events generated for the S-wave
decay Ag — pT K™~ by adding twelve intermediary resonances A* — p* K. This
information is introduced using weights depending on the mass hypothesis and spin
configuration of each resonance. The method allows fast Monte Carlo (MC) sample
generation for efficiency and systematic uncertainties determination in future LHCb
measurements involving b-hadron radiative decays. MC samples are produced for head-
on proton-proton collisions at 8 TeV using PYTHIA 8.1 in the default and a LHCb
specific configuration. The kinematics of the Ag decay in the presence of a complex
resonance structure is investigated.

Key words: Particle physics, resonances, polarization, Monte Carlo simulation,
radiative decays.

1. INTRODUCTION

The motivation of this study comes from the need to describe the two-body
decays in the helicity formalism [1], in a simpler way than it is already done in
the HELAMP package implemented in EvtGen [2], the B-decay MC-generator inte-
grated in the LHCDb simulation software suite [3]. The method, described here, ex-
tends the predictions of HELAMP to intermediary resonance total-spin values larger
than 3/2. The choice of analysing the radiative decay of the Ag baryon into A* reso-
nances and a photon is also based on the fact that this channel often appears as strong
background in other heavy hadron radiative decays proceeding (at leading order)
through a special type of Feyman diagrams called “penguin diagrams” [4, 5]. Such
processes are being studied as part of the LHCb collaboration physics program (i.e.
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B — K*v, B, — ¢r), therefore a good knowledge of such intermediary resonances
is imperative to increase the precision of such measurements.

In the followings, a series of notations used through-out the paper and basic
angular analysis formulas based on the helicity formalism are introduced.

A series of twelve A* resonances are considered in this analysis. Due to the
relativistic nature of these processes, the A* — p™ K~ decays are considered in the
A* rest frames. The initial and final state particles have total angular spins s1, s and
s3 and spin components m1, ms and ms along the quantization axis. The description
of the decay is performed using the helicity basis, A* particle being at rest with a
definite value of m;. The helicity of a particle, denoted by the A symbol, is defined
as being the component of the spin along the direction of its momentum.

The measurements carried out on the final-state particles are the direction of
the heavier final-state particle, the proton, specified by the spherical angles (6, ¢)
and the helicities Ao and A3 [6]. The polar angle, 6, of the proton momentum, ps, is
an observable related to the polarization of the A* state. It is also called “polarization
angle” and a relativistic boost is applied to the proton four-momentum in order to
compute its value in the centre-of-mass (associated A* resonance rest) frame.

%
3

Fig. 1 — Initial and final state description in helicity basis. [6]

Figure 1 shows the initial- and final-state of the decay according to the helicity
formalism. As the quantization axis of the angular momentum is the direction of the
proton momentum, the orbital angular momentum (E = 7 X p) has no contribution to
the value of the helicity. Thus the component of the final-state angular momentum
along the proton momentum is Ao — A3 = m’. From the conservation of the angular
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momentum, the final-state has a total angular momentum of s; > |Ag — As| [6].
The amplitude in the helicity basis [1], for this process is written as:

2s1+1
An(56,0,-0) =\| = =D}, 3, (6,0, =0) Axsas, (1)

where A, ), represents the helicity amplitude and it is defined as the strength of the
configuration compared to other configurations of helicities, and D are the D-Wigner
functions. Considering the parity conservation in the decay process, one gets
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The angular distribution formula is obtained by squaring the amplitude formula
(Eq. D[6]:
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where d-Wigner functions are introduced to take into account the azimuthal symme-
try of the decays. Thus, the angular distribution depends only on the polarization
angle 6. The algorithm implements this dependence according to the formula (from
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where j, m and m’ represent the total angular spin and, the spin projections associ-
ated to the (initial-state) resonance and final-state particles, respectively. The summa-
tion parameter, k, must satisfy conditions such that none of the terms in the denom-
inator is negative. The angular distributions (normalized to unity) for the considered
A* decays are shown in Fig. 2 for distinct quantum numbers in range [1/2,9/2] and
m’ = £1/2. Two different spin configurations are chosen to be studied in this work:
the completely polarized (j = m) |j,m) pure state and a completely un-polarized
mixed state, where all the |j,m) possible states are taken as equally probable.

For an in-depth review of the polarization concept in elementary particle physics
and particular approaches to describing particle decays in the helicity basis, the
reader is referred to [7—10] and one of the authors’ Ph.D. thesis (to be published
online) [11].

“)
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Fig. 2 — (Colour online). Angular distribution functions for A* resonances with distinct spin numbers.
Left: configuration |j,m) when j =m € [1/2,9/2], m = £1/2; right: configuration |j,m) when
jE€[1/2,9/2],m=1/2and m ==+1/2.

2. ANALYSIS STRATEGY

The A* resonances are simulated using a specific candidate re-weighting algo-
rithm to transform the uniformly generated mass spectrum from the available kine-
matic phase-space for the decay Ag — pT K. The three body decay channel is
forced in PYTHIA 8.1 [12] event generator for Ag baryons produced in pp collisions
at \/s = 8 TeV with hard parton interaction processes yielding at least one bb pair
of quarks having p; > 1.2 GeV/c in the center-of-mass (c.o.m.) reference frame.
The event generator is used in its stand-alone set-up with minimal links to external
libraries and the internal set of parton distribution functions (PDF) for the proton.
Two configurations are used for the steering parameters. For one of the configura-
tions almost all the steering parameters are left to their default values (corresponding
to /s = 14 TeV) while for the other, the CTOOMCS PDF set is used. Moreover the
second (LHCb specific) configuration sets the parameters controlling the production
of higher spin states of heavy hadrons to values optimized for PYTHIA 6 [13] using
data from LEP, CDF and UAS. Also the light flavour production is tuned to recent
measurements from LHC experiments. Two different simulated data sets are pro-
duced corresponding to these two event generator configuration and specific tests are
used to ensure the candidate populations are uncorrelated.

Then two variants of the algorithm corresponding to the different polariza-
tions of the A* resonances are applied independently to the generated data samples
to compute weights used in separating the twelve resonances under analysis. The
main characteristics of these resonances and their decay to p™ K~ mode are listed in
Table 1 with values taken from Ref. [15]. Here, B, are the decay probabilities
of the A* resonances into a nucleon and a charge conjugated kaon, B+, are the
branching fractions of the Al? — A*~ decay while Byt = %B ~NT - By represents
the branching fraction of the radiative Ag decay with the daughter A resonance suc-
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cessively decaying to p™ K~ mode. The factor % is applied to account for the fact
that only one of the modes with a baryon in the final-state is analysed.

Table 1

Properties of A resonances [15].

A(X) J I [MCV] BN? [%] BA(X),Y(lo_s) Btot(lo_s)
A(1520) 372 15.6 45 5.84 1.31
A(1600) 172 150 2 5.69 0.65
A(1670) 172 35 25 5.65 0.69
A(1690) 372 60 25 5.52 0.69
A(1800) 172 300 2 5.30 0.84
A(1810) 172 150 35 5.28 0.92
A(1820) 572 80 60 5.26 1.56
A(1830) 572 95 6 5.24 0.15
A(1890) 3/2 100 27 5.12 0.56
A(2100) 772 200 30 467 070
A(2110) 572 200 15 4.65 0.34
A(2350) 972 150 2 412 0.28

A set of loose selection criteria (“cuts”) are applied to the generated final-state
particles (listed in Table 2). These cuts correspond to the typical conditions that
charged and neutral particles need to meet in order to be registered by the LHCb
detector [14] and their effect is clearly visible in the polar angle distributions from
Fig. 3. In order to estimate the effect of the polarization on the ratio of reconstruc-
tion to generation efficiencies, further specific constraints are applied on the mother
and daughter particles to ensure the Ag candidates satisfy the selection requirements
currently used by LHCb analysts (maximising signal to noise ratio). This procedure
is detailed in Section 5 and constitutes one of the main results of this work.

Table 2

Selection criteria applied on Ag daughter particles in the sample generated using PYTHIA 8.1 in order

to restrict the analysis to the phase-space domain accesible to the LHCb detector.

Particle | pr [GeV/c] | p[GeV/c] | 0 acceptance [mrad]
P > 0.3 > 2 5-400
K > 0.3 > 2 5-400
~ > 1.5 - 5-400

3. S-WAVE SPECTRUM RE-WEIGHTING METHOD

In order to obtain the spectrum with the fully described A* resonances (taking
into account mass and angular informations), a re-weighting method is implemented.
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Fig. 3 — Polar angle distributions in the laboratory frame for the particles involved in the Ag decay,
generated in the LHCb acceptance. A clear cut of the spectrum is visible at 0.4 rad.

The computed weights depend on the angular distribution of the final-state particles
for a given quantum state and a mass term associated to the p™ K~ system.

W= WMy i) - W(O) )

Following this, the re-weighting strategy is split into two stages.

3.1. MASS WEIGHTS

This step consists in an event by event weight assignment which implies the
mass-spectrum transformation from a continuous S-wave configuration into twelve
resonances and even more, subtle changes in the other variable spectra (i.e., trans-
verse momentum with respect to the beam direction pr, pseudorapidity 7, rapidity y,
polarization angle 6).

The mass spectrum emulating the presence of the the twelve resonances is ob-
tained by folding the S-wave spectrum assigned to the final-state particles (contain-
ing no information about intermediary resonances), with its inverse probability den-
sity function (PDF) and then with the sum of normalized relativistic Breit-Wigner
(BW) functions [16] describing the twelve resonances. The weight factor depending
on the mass of the resonances is given by

12
W (M g-)=1/Py (M) x> BW(Myig-) - NF 6)
1=1
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where Py(M,,+ k- ) is the 9-th order polynomial PDF describing the initial mass spec-
trum and IV F' is the normalization factor of the BW functions obtained by multiply-
ing the branching ratio of Ag — A(1115)~ decay channel and a factor which contains

the A* to Ay, mass ratio and the B associated to each resonance (see Table 1), as
3
2
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Fig. 4 — (Colour online). Superimposed S-wave mass spectrum (blue) and resonance mass spectrum
(red), in logarithmic scale.

When applying the mass weight factor, the initial p* K~ pair invariant mass
spectrum transforms as shown in Figure 4. Clear peaks associated to the resonant
structures are located in the 1.52-2.35 GeV/c? mass range. In essence only 30%
from the initial mass spectrum is used after emulating the resonances, since most
S-wave spectrum is far from resonances peaks. At this stage, the associated spin
information is not yet accounted for.

3.2. ANGULAR WEIGHTS

For each event with a given combined mass, M+ -, a resonance hypothesis is
selected. The choice is decided randomly based on each resonance weight relative to
the total mass spectrum given a fix event M,,+ — value. The selected resonance has
a given total spin for which the angular weight, W (0), is computed using (3). The
polarization angle 6 is derived from the kinematic quantities of the event. The spin
projection (m) and helicity states (m’ = Ao — \3) of the intermediary and final-state
particles are chosen randomly from the set of compatible quantum configurations.
Once the quantum state |j,m,m’) is set, the procedure to compute the associated
d-Wigner function is called.



Article no. 401 L. E. Giubega, A. L. Jipa, A. C. Ene 8

10°

Polarization angle 6
Polarization angle 6

10

3 | 35 3 | 35
Mass A [GeV/c?] Mass A [GeV/c?]

Fig. 5 — (Colour online). Weighted distributions of A* candidates in invariant mass and 6 bins. Left:
Weights associated to the unpolarized case. Right: Weights associated to the completely polarized case.
The z-axis (in logarithmic scale) gives the number of entries per M,,+ - and 0 unit bin sizes.

4. ALGORITHM RESULTS

In Fig. 5, the computed total weights W (M,,+ ;- ,0) are used to display the
distribution of A* candidates for both considered spin configurations associated with
the unpolarized (NonPol) and completely polarized (FullPol) case. The resonant
structures appear as clear bands around their associated mass. The maximum relative
intensity is shown in red, the clearest band arising around 1.5 GeV/c? associated
to A(1520) resonance. This resonance is the narrowest with a width of I" = 1.5
MeV, and its invariant mass is the closest to the threshold value (m, +mg ~ 1.432
GeV/c?). At higher values (range 1.52-2.35 GeV/c?) many of the resonances are
overlapping. Most of them have large natural decay widths and their invariant masses
are close so that an almost continuous spectrum is obtained.

The difference between the two chosen polarization states is evident: in the
completely polarized case the distribution is concentrated around 6 = 7/2 while the
distribution in the unpolarized case expands toward the edges of the # domain (0, 7).
This effect is clearly visible in Fig. 6, where normalized projections on the polariza-
tion angle axis for the two polarizations are superimposed. The angular distribution
for the completely polarized case has a narrower peak while the unpolarized distri-
bution has wider tails, the difference in RMS (root mean square) between the two
being about ~ 20%. For the completely polarized case the mother momentum and
spin quantization are aligned and the polarization angle distribution is concentrated
around 7 /2 because the momentum of the proton produced in the decay tends to be
perpendicular to the mother momentum.

To further investigate differences between the two considered polarization cases,
the weighted A* transverse momentum spectra are compared in Fig. 7. The effect
of the different spin information associated to the two polarizations is not visible any
more when applying the boost from the c.o.m. to laboratory (lab.) frame. These
distribution are compared using a x? test. The obtained x2/N DF value of almost
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Fig. 6 — (Colour online). Superimposed projections on the polarization angle axis of weighted candidate
distributions for unpolarized case (blue) and completely polarized case (red).

unity indicates that the two distributions are very similar although they arise from
distinct samples. This proves the robustness of the developed re-weighting software
algorithm. The normalized residuals between the two shapes are highlighted in the
pull-plot (the residuals scaled by the errors) shown in Fig. 8. This plot follows a
normal distribution with the mean value around 0 and unit variance as expected for
statistically independent distributions generated accordingly to the same probability

density function.
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Fig. 7 — (Colour online). Projections of weighted
distributions on transverse momentum axis for
unpolarized case (blue) and completely polarized
case (red).
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Fig. 8 — (Colour online). Normalized residuals be-
tween the two compared distributions from Fig. 7.
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x-axis: sum in quadrature of errors for each his-
togram bin.
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Fig. 9 — (Colour online). Superimposed — weighted (cyan) vs. un-weighted (magenta) — A* transverse
momentum distributions for the completely polarized case.

The effect of the re-weighting (in the completely polarized case) on the trans-
verse momentum of the intermediary state, A*, is studied comparing the weighted
and un-weighted distributions in Fig. 9. The un-weighted distribution is broader
with an 8.6% larger RMS compare, while the weighted distribution shows a migra-
tion of the candidate transverse momentum toward higher values. The peak position
is also shifted, from 2.0 GeV /¢ for the un-weighted distribution to 2.5 GeV /¢ for the
weighted one (less visible when comparing the mean values of these non-symmetric
distributions).

Distributions of A* polarization angle, pseudorapidity and rapidity are also in-
vestigated both for the two polarizations and the two PYTHIA configurations (tunes)
used to generated the data samples. The comparison of the normalized distributions
in Figure 10 shows a weak dependence on the event generator tune as the shapes of
the distributions are very similar and the relative difference in mean and RMS values
lying between 1-2% interval (thus being negligible).

5. EFFICIENCY RATIOS

The effect of the re-weighting algorithm in data samples generated with full
simulation of the interaction between the particles and the detector material may be
estimated by considering a supplemental set of constraints on the mother and final-
state particles (listed in Table 3). This selection emulates the effect of Ag candidate
reconstruction algorithms applied after complete simulation of the interaction be-
tween radiation in the event and the detector material and ensures a high signal purity
in the final sample. The reconstruction of the Ag candidate is performed by combin-
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Fig. 10 — (Colour online). Comparison of normalized distributions of observables: polarization angle,
0, (top); pseudo-rapidity, n (middle) and rapidity, y (bottom) for A* candidates from data samples
generated using the default tune (black) and LHCb tune (magenta) for PYTHIA 8 in the completely
polarized (left) and unpolarized (right) case.

ing a photon and a A* candidate resulted from the combination of two charged tracks
corresponding to the proton and negatively charged kaon, ensuring that the mother
and the three final-state particles pass the generator level and reconstruction selection
(cuts).

The efficiency of a selection is determined by dividing the number of Ag can-
didates passing the selection cuts to the total number of candidates available before
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the selection. In order to determine the effect of the re-weighting algorithm on the
ratio of reconstruction to generator level selection efficiencies, the pseudorapidity
distributions in each polarization case are considered and the unweighted distribu-
tion is taken as reference. The efficiency ratios are determined for each PYTHIA
tune for the three classes of events: weighted unpolarized (NonPol), weighted com-
pletely polarized (FullPol) and unweighted events. The values are quoted in Table
4 with a negligible increased in the statistical error which may be attributed to the
re-weighting algorithm.

Table 3

Reconstruction cuts.

Particle | pr [GeV/c]
A >3
pt > 1.2
K~ > 0.5
¥ > 2.6
Table 4

Reconstruction vs. generation efficiency ratios.

PYTHIA 8 Tune NonPol FullPol Unweighted
Default 0.365+(3.61-1073) 0.366+(3.81-1073) 0.398+(9.84-10~%)
LHCb 0.363+(3.46-1073)  0.362+(2.71-107%) 0.392+(9.40-10~%)

6. CONCLUSIONS

A fast algorithm was developed to re-weight MC generated samples of Ag
baryons decaying the p* K~ S-wave mode and introduce informations about a se-
ries of intermediary A* — p* K~ resonances considering their mass and spin struc-
ture. The event weights for each A* are factorized into a term depending on the
invariant-mass of the p™ K~ system relative to the Ag mass and the BW structure
of the resonance, and a term including the angular and spin dependence for a given
polarization state of the intermediary resonance.

The algorithm was tested on a couple of MC samples generated using PYTHIA
8 set up with two steering parameter configurations (tunes) — the default tune adapted
to 8 TeV c.o.m. energy for proton-proton collisions and the LHCb experiment tune.
Two extreme quantum spin states were considered, associated to the completely po-
larized pure states and unpolarized mixed states associated to the twelve considered
resonances with j € [1/2,9/2], their spin structure being “encrypted” in the d-Wigner
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functions. Physics and statistical tests are performed to validate the algorithm and
determine its robustness. A sizable difference of about 20% of the RMS is deter-
mined for the angular PDFs corresponding to the two considered polarizations. This
difference is verified to be negligible after performing a Lorentz transform of the
event from the c.o.m. to the laboratory frame. For observables not affected by the
re-weighting algorithm it is seen that the distribution of the residuals between PDFs
obtained from statistically independent samples obeys the central limit theorem [17],
i.e., no artificial correlation is introduced. Also, differences between physical ob-
servable distributions for the two PYTHIA 8 tunes are found to be consistent with
statistical fluctuations between independent simulated data samples.

Furthermore, the ratios of selection efficiencies at generator and reconstruction
level are estimated both for the two considered polarization cases in the two gene-
rated samples. A comparison between these values and the corresponding ratio for
the unweighted data samples yields an effect at percent level. These results prove
that the algorithm would be helpful in obtaining a better description of the angular
dependence of the intermediary A* states and thus provides a faster procedure to
optimize signal selections or background rejections to be applied on real data ana-
lysis at a negligible increase in statistical error. Though designed and tested for the
AY — A*(— pT K )7 decay chain, the method based on the helicity formalism to
determine relative intensities of overlapping BW states is limited only by the com-
plexity of the decay chain and the number of intermediary resonances considered,
therefore the present algorithm could be easily adapted to studying quantum struc-
ture effects in other similar heavy hadron decays.

Acknowledgements. The authors kindly acknowledge financial support for this work from the
Romanian Ministry of National Education (MEN) and the Institute of Atomic Physics Bucharest (IFA)
under grants number 3/3.01.2012 and 7/16.03.2016 and from UEFISCDI under project grant PN-II-ID-
PCE-2011-3-0749.

REFERENCES

1. J. D. Richman, “An Experimental Guide to the Helicity Formalism”, Caltech Preprint CALT-68-
1148 (1986).

2. D. J. Lange, “The EvtGen particle decay simulation package”, Nucl. Instrum. Meth. A462, 152
(2001).

3. L. Belyaev et al., “Handling of the generation of primary events in Gauss, the LHCb simulation
framework”, Nuclear Science Symposium Conference Record (NSS/MIC) IEEE 1155 (2010).

4. D. Griffiths, Introduction to Elementary Particles (Harper & Row, New York, 1987).

5. D. Perkins, Introduction to High Energy Physics (Addison-Wesley, Reading, MA, 1987).

6. R. Kutschke, Angular Distribution CookBook, http://home.fnal.gov/ kutschke/Angdist/angdist.ps
(Last accessed: Sept. 2016).

7. 1. J. Sakurai, Modern Quantum Mechanics (Addison-Wesley, 1993).


http://home.fnal.gov/~kutschke/Angdist/angdist.ps

Article no. 401 L. E. Giubega, A. L. Jipa, A. C. Ene 14

10.

11.

12.

13.

14.

15.

16.
17.

S. B. Nurushev, M. F. Runtso, M. N. Strikhanov, Introduction to Polarization Physics (2013).

K. Blum, Density Matrix Theory and Applications (Springer Science & Business Media, 1996).
M. Jacob and G. C. Wick,“On the general theory of collisions for particles with spin”, Ann. Phys.
7, 404428 (1959).

L. E. Giubega, “Hadron Production and Rare Decays studies at LHCb” (Ph.D. Thesis, University
of Bucharest, 2016).

T. Sjostrand, S. Mrenna, P. Skands, “A Brief Introduction to PYTHIA 8.1, Comput. Phys. Com-
mun. 178, 852-867 (2008).

T. Sjostrand, S. Mrenna, P. Z. Skands, “PYTHIA 6.4 physics and manual”, J. High Energy Phys.
05, 026 (2006); arXiv:hep-ph/0603175.

LHCb Collaboration (A. Alves, et al.), “The LHCb detector at the LHC”, J. Instrum. 3, SO8005
(2008).

PDG Collaboration (K.A. Olive et al.), Chin. Phys. C38, 090001 (2014).

G. Breit, E. Wigner, “Capture of Slow Neutrons”, Phys. Rev. 49(7), 519 (1936).

V. V. Uchaikin, V. M. Zolotarev, “Chance and Stability: Stable Distributions and Their Applica-
tions” (VSP BY, Utrecht, The Netherlands, 1999).


http://arxiv.org/abs/hep-ph/0603175

